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ABSTRACT 
ABSTRACT 
The objective of the project was to develop halogen and phosphorous free flame retardant 
polyamide 66 composites using magnesium hydroxide, either alone or in admixtures. 
In common with alumina trihydrate (ATH), magnesIum hydroxide has attracted 
considerable attention over the last twenty years, as a halogen and phosphorous free 
alternative for both thermoplastics and eIastomers. However, owing to its greater thermal 
stability magnesium hydroxide can be added to thermoplastics (such as polyamide 66) 
which are melt processed at temperatures where alumina trihydrate is impractical due to 
premature degradation. There are problems however, using such a flame retardant system, 
due to the high filler loadings (- 60 wt%) required to achieve adequate flame retardancy; 
which leads to detrimental affects on both processing and mechanical properties. 
The aim of the project was to find ways of optimising mechanical properties while still 
retaining the required fire properties. This was done by investigating different matrix 
types, filler types, coatings, and E-type glass fibres, under various ratios and combinations. 
After extensive work on optimising processing conditions, a range of matrix/filler/fibre 
ratio composites were produced using a co-rotating, intermeshing, twin screw compounder 
and injection moulded into test specimens. A comprehensive characterisation program 
was performed on all fillers and composites produced, to obtain an array of physical, 
mechanical and fire properties. 
Decreases in filler/fibre ratio caused a decrease in polymer melt viscosity and thus shear 
heating and maximum processing temperature. Mechanical properties improved, mainly 
due to increased fibre reinforcement and partly to less fibre damage, and increased fibre 
orientation. The influence on fire properties were mixed. Decreasing filler/fibre ratio was 
detrimental to UL94, due to the lower amount of flame retardant present and lower melt 
viscosity, which caused dripping. The LOI however appeared to improve due to the 
reinforcing influence on the char head. 
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The mechanical strength of the composites with increasing filler content appeared to 
initially increase, indicating some interfacial adhesion between filler and matrix. At 
higher loadings the mechanical properties (other than modulus) rapidly decreased giving a 
ductilelbrittle transition. The matrix crystallinity properties initially suggested that 
increasing filler content had an 'anti-nucleating' influence. It is now believed to be a 
degradation effect, due to trace amounts of H20 being released by the filler. Rheology 
indicated a substantial increase in shear stress above 40 wt% filler/fibre loading due to 
greater filler-filler interaction. 
The two coatings used were stearic acid and an amino silane coupling agent (AI 100), 
which had differing influences. The AlI00 increased all mechanical properties due to a 
greater interfacial adhesion between matrix and filler, while stearic acid reduced the 
interfacial adhesion which resulted in a decrease in flexural and tensile strength. Impact 
strength increased due to lower agglomeration and greater dispersion of the filler in the 
matrix. The disadvantage of using AlI00 was that for all filler types increasing the 
coating level increased the UL94 flame times, and under certain cases caused the sample 
to fail entirely. The LOI showed the same trend, decreasing due to char embrittlement. Of 
all the filler types, H5'was the least affected. One advantage was that AllOO inhibited 
dripping during UL94 testing. Stearic acid coated composites had very good UL94 ratings, 
due to rapid char expansion. The LOI results, however were low due to poor char head 
stability. 
When seeking the optimum formulation, the conclusions made throughout the project 
were used, and a H5 filler type composite coated with 1.0 wt% Al100, with filler/fibre 
ratios of 45/15 and 40/20 were investigated. Both had very good mechanical properties, 
while achieving VO and VI UL94 ratings respectively. Such good fire properties for a 
40/20 filled PA66 composite, have not previously been produced. 
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INTRODUCTION 
CHAPTER! 
INTRODUCTION 
1.1 Polyamide 
Polyamides are a crystalline member of the so-called 'engineering plastics' group of 
engineering materials [16-18]. Historically and commercially, they hold a prominent role 
in the world of polymers. The early work of Ca rot hers [49,50] at du Pont with polyamides 
led to the first commercial development of synthetic fibres known commonly as 'nylons'. 
There are numerous polyamides for fibres or plastics applications, available commercially 
[l], however it should be noted that a large percentage of the total production (about 80%) 
comprises just two' polymers, polyamide 6 and polyamide 66. The· others are 
predominantly more costly and are used mainly for specialised applications. 
In 1995, the total consumption of poly ami des in Western Europe [51] was about 456,000 
tons, with approximately half being 'functionally filled' composites. This quantity is 
expected to grow at a rate between 5-8% [52] annually, with the biggest increases in the 
Automotive Industry [53]. Within Western Europe polyamides are the most important 
group of engineering plastics, with almost 50% of the market. Polyamides also account for 
roughly 25% of total fibre production. The reason for this is due to their balanced 
combination of properties. Polyamides have good strength and toughness, and excellent 
fatigue resistance, combined with high heat resistance, and exceptional chemical 
resistance, making them ideal for technical applications. 
All polyamides have in their polymer chain the amide -(CO-NH)- group, which links the 
repeating hydrocarbon units of various lengths. These amide groups are responsible for 
the materials high melting point and crystallinity due to the strong hydrogen bonding 
between adjacent chains. The melting point tends to increase with increasing ratio of 
CONH groups to CH2 groups in the chain, but is also affected by whether the number of 
CH2 groups between the CONH groups is odd or even. This relates to the number of CO 
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and NH groups on opposite chains that would be aligned together to allow hydrogen 
bonding. 
Polyamide plastics are manufactured by two basic routes, ring scission polymerisation, 
and condensation (direct stepwise polymerisation) where acids and amines are reacted, 
generating water and polymer as the final products. 
Polyamide 66 is manufactured by a condensation reaction between hexamethylenediamine 
and adipic acid. The first condensation step is the preparation of the polyamide 66 salt 
(Equation 1.1), formed by the reaction of a 60-80% methanol/ hexamethylenediamine 
solution with 20% methanol/adipic acid solution at a temp of 50°C and a pH of7.6 [17]. 
Polyamide 66 salt: 
n NH2(CH2)6NH2 + n HOOC(CH2)4 COOH -)0 n NH2(CH2)6NH2.HOOC(CH2)4COOH (1.1) 
Condensation of the polyamide 66 salt to the polymer is carried out under pressure in a 
stainless steel autoclave. The temperature is slowly raised to 27SoC, and steam is bled off 
to maintain a pressure of 17 bars. After the reaction has gone to completion the melt is 
extruded through a strip die in the base of the autoclave on to a water-cooled roller, where 
the strip is then fed through a rotary cutting machine to produce granules. 
Most plastics of commercial interest are partially crystalline, requiring parallel alignment 
of the molecular chains, and uniformity in the manner in which hydrogen bonds are 
formed [55]. The molecule chains fold to form thin ribbon or layer shaped crystals termed 
'lamellae' and these in turn often aggregate into spherical clusters called 'spherulites'. 
The degree of crystaJlinity, size and number of spherulites depend on the symmetry and 
steric factors [17]. Analysis by X-ray diffraction has shown polyamide 6 and polyamide 
66 are, in the solid state, only partiaJly crystalline. The degree of crystallinity never 
reaches 100% and is generally below 50%. The size of a single crystal is very small, 
approximately 200A in length while the polyamide molecule itself is of the order of 
1000A. On cooling the. polymer from the melt, (where there is complete molecular 
disorder) the functional groups of one molecule during random motion of the segments 
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become favourably aligned with neighbouring molecule and a crystalline ordered region is 
formed. Thus single chains may pass through an ordered crystalline, and a disordered, 
amorphous region, and are the basis of fringed micelles. Analysis by optical spectroscopy 
has shown [16-18) that there are ordered regions much larger than the crystallites 
interpreted from X-ray evidence. These are the spherulites which are completely 
crystalline, and are generally accepted as primary products of crystallisation. They 
commonly grow from a nucleus but may also arise spontaneously. 
Water absorption is a characteristic of polyamides, due to its polar amide groups. A 
higher CONH group to CHz group ratio leads to higher water adsorption, unless 
compensated by increased crystallinity. Increased water content has a plasticising effect 
analogous to that of increased temperature, i.e. enhanced segmental mobility with, for 
example, loss in modulus and tensile strength, gain in toughness, and growth in 
dimensions. 
Uncompounded polyamides are generally transparent and nearly colourless in the molten 
state and opaque white/yellowish-white in the solid, partially crystalline state. Impurities 
originating from the raw materials can impart a yellowish coloration to polyamides, as can 
degradation products. Surface oxidation, which is relatively rapid above 120°C, can show 
up as a yellowlbrown coloration. Unless oxidation has been extensive, this is usually 
confined to a shallow layer at the surface. The crystalline polyamides have a shiny surface 
when first formed from the melt. Surfaces are smooth and the low coefficient of friction of 
the solid imparts good flow and feed properties to granules. 
1.2 Polymeric Materials and their Ability to Burn 
There are many aspects to the buming of polymers which must be taken into account in 
completely assessing the hazards presented by any particular material. These include ease 
of ignition, rate of spread of flame, and the production of smoke and toxic gas [57,59). 
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Some polymers are basically non-flammable, where for example they have high 
concentration of halogen present such as PTFE [I]. Aliphatic hydrocarbon polymers tend 
to be very flammable but become less so when there is an increasing concentration of 
heteroatoms present. Aromatic polymers have a relatively lower flammability due to their 
greater thermal stability. 
Every fire is a unique occurrence, however all fires follow a similar path which can be 
separated into steps [61]. First heat from the fire thermally degrades the polymer so that it 
releases volatiles such as combustible gases. Second, the gases ignite, generating energy 
which may be high enough to allow the release of combustible gases to be self-sustaining, 
so long as there is oxygen stilI present. The combustible gases may be high in monomer 
because ofthermaIly induced depolymerisation of the polymer chains. The monomer will 
break down further to' lower molecular weight combustible products, including hydrogen, 
as it diffuses towards the flame. A simplified picture of polymer burning is shown in 
Figure 1.1 [60]; as a closed cycle. 
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Figure 1.1 Burning Process of a Polymer. 
Most polymers tend to be easily ignited, one reason being their thermal inertia [58]. If a 
material is 'warm to the touch', heat is transferred from the hand, quickly raising it's 
surface temperature. This could happen to materials such as polymers that have low heat 
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capacity, low density and low heat conductivity. Materials that are 'cold to the touch' 
have opposite properties to the above, where heat is rapidly conducted into the body of the 
material having little effect on the surface temperature. During a fire it is difficult to 
ignite the 'cold to touch' materials as it is difficult to heat the surface, whereas for the 
'warm to touch' materials the temperature at the surface is rapidly raised to the ignition 
temperature. 
1.3 Flame Retardants 
As mentioned previously, the continuous burning process of polymers is a cyclic process. 
Therefore to make a material flame resistant, the cycle must be broken at least at one 
point. Such methods include cooling the flame produced, insulating the polymer from 
more heat transfer, or even altering the thermal degradation process itself. Aseeva [65] 
termed flame retardants as organic or inorganic substances which contain halogens, 
phosphorus, nitrogen, boron, metals; with groups containing these elements in various 
combinations, with possibly chemically bound water or carbon dioxide. 
Halogen based flame retardants still remain one of the most commercially used systems, 
even though they are consider to be a hazard to health. They are usually mixed with a 
synergist, for example antimony trioxide [67]. Little [66] recognised the flame retardant 
properties of antimony oxide and halogen based systems more than 50 years ago. 
Hydrogen halide is released during combustion and transported via the antimony trioxide 
into the flame where it acts as a radical trap, causing the flame to extinguish. 
Unfortunately halogen based flame retardants contribute to smoke production which has a 
high density, high degree of toxicity, and corrosiveness. The reason they remain popular 
is because low concentrations are required, therefore retaining the mechanical properties 
of the matrix. 
The use of hydrated mineral fillers as flame retardants has a long history, with alumina 
trihydrate (ATH) being the first flame retardant to be patented in 1921 [62}. 
Commercially, they were not significantly used until the 1960s in unsaturated polyesters 
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[63]. As a flame retardant they actively extinguish the flame when they decompose 
endothermically releasing H20, an inert gas [68]. ATH is still the most widely used 
hydrated mineral filler to date, however in the last 20-30 years there has been much 
research on other alternatives. This is mainly due to the need to find flame retardants for 
polymer with high processing temperatures. 
Other hydrated fillers that have been studied are magnesium hydroxide, calcium 
hydroxide, basic magnesium carbonate, ultracarb, nesquehonite, zinc borate, and various 
forms of hydrated alkali alumino carbonates. 
Calcium hydroxide appears to have ideal properties, decomposing endothermically at 
450°C to form an oxide. However Ashley and Rothon [64] found that for certain types of 
polymer, carbonates were formed, by an exothermic reaction, giving poor oxygen index 
results and possibly also the reason for the poor flame retardance. Nesquehonite 
(MgC03.3H20) is an effective flame retardant but suffers from a very low decomposition 
temperature (70 - 100°C). Basic magnesium carbonate [69, 70, 119] (hydromagnesite, 
3MgC03.Mg(OH)2.3H20) has a thermal stability between that of ATH and magnesium 
hydroxide, and has some commercial use. Their main fault is their deleterious effect on 
mechanical properties, probably due to their high surface area, which leads to the 
formation of agglomerates. 'Ultracarb' is a natural occurring mineral made from a 
mixture of basic magnesium carbonate (Mg4(C03) (OH)2.3H20) and huntite 
(Mg3Ca(COJ»4, and is cheaper to produce than ATH. However its morphology is not 
ideal for filled composites. There has been renewed interest in zinc borates 
(ZnO.B20J.H20) as a flame retardant [72], mainly due to the rising price of antimony 
trioxide. It can be used as a synergist, replacing large proportions of antimony trioxide 
[73, 74], or ATH or magnesium hydroxide. It is a very good smoke suppressant, char 
former, and improves comparative tracking index. Synthetic hydrated alkali alumino 
carbonates such as sodium dawsonite (NaAl(OH)2C03) have been proven effective [119]; 
however they are relatively expensive, and there have been some concern over the toxicity 
of some of its products. 
The list of possible flame retardants is very long, but few have commercial use. 
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1.4 Flame Retardancy in Polyamides 
About 30% of all injection moulded polyamide compounds are sold as flame retardant 
grades, which corresponds to about 300,000 tonnes annually [51]. The interest in flame 
retardant polyamides is mainly in the electrical industry, where a high comparative 
tracking index (CTI) is a necessity [53]. 
Aliphatic polyamides have an inherent degree of flame retardancy because of their high 
nitrogen content giving limiting oxygen index (LOI) of 25% and a V2 rating (UL94) for 
unmodified injection moulded polymer [75]. Aromatic polyamides have been made into 
fibres with excellent flame retardation. For example, 'Nomex' fibres have be made into 
fire fighters uniforms [83, 84]. 
There are three types of flame retardant used currently for polyamides. These are 
halogenated based organic compounds, usually with a metal oxide synergist [76], red 
phosphorous compounds [77] and various melamine derivatives [78]. None are ideal, and 
the choice is dependent upon ease of production, cost and particular application. 
In polyamide systems halogen based flame retardants are based on brominated aromatics 
and antimony trioxide, such as ethylene-bis (tetrabromophthalimide); polymeric flame 
retardants such as poly( tribromostyrene), and poly( dibromophenylene ether) products 
dominate [78]. 'Dechlorane Plus', has been used for many years, mainly with synergists 
such as zinc borates, antimony trioxide, iron oxides, and zinc oxide [79, 80]. The main 
advantages of halogen based systems are that they give definite, reliable flammability 
results, and their ability to inhibit dripping ofbuming polymer during combustion. 
The use of red phosphorous as a flame retardant was first discovered by Piechota in 1965. 
Red phosphorous containing additives, such as ammonium polyphosphate [81] and 
melamine amyl phosphate [87], which retard burning essentially in the condensed phase, 
influencing pyrolysis and char formation. In the condensed phase phosphoric acid is 
produced endothermically, and a glassy char formed which acts as a barrier. In the vapour 
phase where PO' radicals exist, they stop the free-radical oxidation process of carbon 
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being converted to carbon monoxide thereby decreasing the exothermic energy of 
combustion [82, 88). Their main advantage is that they are effective at relatively low 
concentration, with mechanical properties similar to their non-flame retardant equivalent 
compound. Their main disadvantage is that they generate phosphine (PH3) gas which is 
toxic and highly flammable. They can also produce corrosive acids which may damage 
processing equipment. The deep red colour of phosphorous is another problem, which 
allows only red-brown to black pigmentation to be used in polyamides which use this 
flame retardant. 
Melamine derivatives, such as melamine cyanurate [85] retard burning by producing 
ammonia gas which dilutes the flame, and increases heat removal from the system by 
promoting dripping. Unlike halogen based compounds and red phosphorous compounds 
their chemistry is very similar to polyamides, with similar degradation products, which are 
less toxic/acidic than both the former. They are also a white coloured compound, which 
makes possible a range of colours in the final product. Their main disadvantage is that 
they are unable to be used in glass fibre reinforced composites. In such compositions 
flame spreading occurs, releasing burning drips, which would grade the material as V2 
(UL94), rather than VO as with unreinforced. However, this is stiJI better than non-flame 
retardant reinforced polyamide which has a HB rating. 
1-5 Aims and Objectives 
The mam aIm of this project was to investigate the influence of combinations of 
magnesium hydroxide, coating and E-type glass fibres on the physical, rheological, and 
mechanical properties of flame retardant polyamide 66 composites. 
It was stated earlier (Section 1.4) that effective flame retardants already exist for PA66. 
However some are considered to be toxic, while others produce choking, acidic smoke 
during combustion, which can also cause injury or death. In the near future such flame 
retardants may be restricted or even banned by many governmental bodies. This was the 
reason why magnesium hydroxide was considered to be an alternative, because it has no 
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deleterious effects, other than loss of good mechanical properties, due to the high filler 
loadings (- 60 wt%) required. To offset the deleterious effect on mechanical properties a 
combination of filler coatings and glass fibres were used, due to their reinforcing 
infl uences. 
A variety of magnesium hydroxide filler types with different morphologies, particle size, 
surface area and particle size distribution were investigated. All fillers were treated with 
an amino silane coupling agent (AllOO), while some were treated with stearic acid at 
different coating levels to examine interface effects. Initially three types of polyamide 66 
matrices were used, unlubricated, lubricated (which contained a processing aid) and 50 
wt% glass fibre filled. 
The investigation concerned five main related aspects: matrix type, filler/fibre ratio, filler 
content, filler morphology, and filler coating. These are linked in one other area (called 
optimum formulation) which investigates the combination of all the areas above to find 
composites with optimum mechanical properties, with adequate fire properties. Initial 
objectives therefore concerned the establishment of characterisation procedures for the 
fillers, compounds and mouldings. 
After an extensive literature review, it was noted there had been very little work published 
on magnesium hydroxide as a flame retardant for PA66. To further knowledge a range of 
specific objectives were chosen: 
• To undertake a comprehensive filler characterisation programme, to examine the 
influence of filler characteristics on processing properties, mechanical properties and 
flame retardancy of the composites. 
• To do extensive research on processing a series of composites, with various 
matrix/filler/fibre ratios, with and without coating, to help understand the objectives 
detailed below. 
9 
INTRODUCTION 
• To investigate whether the processing aid in the lubricated matrix was still effective 
when magnesium hydroxide was introduced, and if it influenced any other properties. 
• To chemically alter the surface of the fillers with coating treatment pnor to 
compounding. The coatings studied were stearic acid and an amino sHane coupling 
agent. This was to examine the influence of coating type and coating level 
characteristics on processing properties, mechanical properties and flame retardancy. 
• To detennine the influence of filler content reduction on mechanical properties, while 
still retaining adequate flame retardancy. Also to examine the influence it had on the 
nucleating properties of the matrix. 
• To examine the influence of replacing filler with fibre (i.e. decreasing filler/fibre ratio 
by weight), on the rheological properties. How much filler can be replaced by fibre to 
improve mechanical properties, while still retaining adequate fire properties. 
• To investigate the influence of filler characteristics, filler/fibre content and coating on 
the crystallisation properties, molecular weight and fibre lengths averages, relating to 
processing conditions used. 
• . To assess the influence of filler, fibre and coating on the degradation and burning 
characteristics of the filled composites using limited oxygen index, UL94 and thennal 
gravimetric analysis. Also to investigate the influence of char head production on the 
limiting oxygen index properties. 
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LITERATURE SURVEY 
2.1 Magnesium Hydroxide 
2.1.1 Physical 
LITERATURE SURVEY 
Magnesium hydroxide is a white crystalline inorganic salt of a alkaline nature. It occurs 
naturally as brucite and is a member a group of minerals called the 'layer hydroxides'. It 
generally forms soft, white, or blue crystals, and it is commonly present in serpentine, and 
sometimes metamorphosed magnesian limestone. Notable deposits exist at Filipstad, 
Nordmark, and Jakobsberg, Sweden.; the Urals, Russia; Teulada, Italy; and Pennsylvania 
in the United States. In it's pure form it would be white, odourless and non-toxic; the only 
hazard being a dust nuisance [2-13]. 
Normally the crystal shape consists of hexagonal plates formed from layers ofHO-Mg-OH 
[94], consisting of close packed hydroxyl anions with magnesium cations occupying half 
the octahedral holes. Magnesium hydroxide generally consists of particles made from the 
crystals with low aspect ratios, which may be roughly spherical, with differing degrees of 
irregularity, or plate-like without a long dimension, or fibrous associated with other 
magnesium minerals (e.g., magnesite and dolomite); 
Table 2.1 Some Properties of Magnesium Hydroxide [33, 119]. 
Molecular weight 58.33 
Mohs hardness 2.5 
Density 2.38 glcm3 
Endothermic Degradation 1450 KJlKg 
Hydration energy - 386 KJlKg 
Solubility in cold water 0.0009 wt% 
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Using thermogravimetric analysis (TGA) to investigate magnesium hydroxide thermal 
degradation, Chen [86] separated this process into 5 stages relating to temperature. Room 
temperature to 130°C is where physically adsorbed water is removed. Between 130°C and 
340°C there is no apparent weight loss, while between 340°C and 460°C a large amount of 
H20 is produced where magnesium hydroxide is converted to a porous magnesium oxide. 
During the fourth stage, between 460°C and 730°C, the weight loss becomes moderate, 
mainly due to the slow diffusion of H20 through the porous magnesium oxide [87]. 
Above 730°C, there is no weight loss, therefore thermal degradation has reached 
completion. 
In addition to the loss of H20, there is also a change in the crystal structure above 300°C. 
From a hydroxide hexagonal structure there is a sudden recrystallisation of cubic 
magnesium oxide, that it still retains the crystal structure of the precursor (Figure 2.1) [88-
91]. 
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Figure 2.1 'Production' of a Magnesium Oxide Precursor. 
These pseudomorphs consist of cubic MgO crystals attached along their edges/corners to 
form the precursor crystal. Yoshida [92] reported that the crystal structure is maintained 
up to 68% dehydration. After 87% dehydration the specific surface area increased 
markedly. This is due to the cracking of the precursor crystals into small fragments as the 
crystal fracture stress is exceeded. The MgO crystal shrinks, until a temperature is 
reached at which the MgO crystals sinter together. 
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2.1.2 Magnesium Hydroxide Production 
Although there are natural deposits of magnesium hydroxide (brucite), they are rare, and 
are not currently being mined. As stated earlier, the natural magnesium hydroxide 
deposits occur in a variety of forms in various parts of the world. Most of these deposits 
are either too impure or too small for exploitation as a flame retardant but this may change 
as more deposits are discovered. Such forms should be inherently cheaper unless 
expensive processing is needed. 
To date there are four main large scale methods for the production of industrial grade 
magnesium hydroxide. Three of these production methods produce a synthetic grade 
which can be small and large crystal types, while the other produces a natural grade. Each 
method is described in detail below. 
The synthetic small crystals (approx. 0.1 micron) are usually tightly aggregated and it is 
these aggregates, which are normally in the size range 1 to 10 microns, that constitute the 
effective particles in most applications [3]. The large synthetic crystal form is generally 
more difficult and expensive to produce, which can have size ranges from 0.5 to 5 
microns. Aggregation is much less and the crystal size approaches the effective particle 
size. Synthetic grades have fewer impurities than the natural grades, and are generally 
more expensive, around £1.30 per kilogram compared to £0.80 per kilogram [109l. 
2.1.2.1 Sea Water Method 
Magnesium hydroxide is produced from sea water [31,33,95) during the manufacture of 
chemical and refractory grade magnesium oxide (magnesia) as outlined in Figure 2.1 [4]. 
In this process, clarified, decarbonated and desulphated sea water is treated with calcium 
hydroxide prepared by the calcination and subsequent hydration of limestone (CaC03) or 
Dolomite (CaC03. MgC03) : 
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Ca(OHh + MgCI2 ~ CaCI2 + Mg(OHh (2.1 ) 
The resulting suspension of magnesium hydroxide is allowed to settle and thicken before 
the slurry is washed and filtered. The filtercake is dried, milled and bagged as a finished 
product or calcined at temperatures up to 9000 C in multihearth furnaces to produce 
chemical grade 'active' magnesia, which may be further processed by 'deadbuming' at 
about 2,000oC to produce refractory grade magnesia. 
The magnesium hydroxide produced has an unsuitable morphology for use as a flame 
retardant because it needs to be induced to agglomerate for it to be effectively washed. 
However this can be improved by recrystaUisation ofthe primary precipitates [96]. 
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Figure 2.2 Sea Water Method [4]. 
The first production [31] of magnesium hydroxide from sea water was some 60 years ago, 
with major current producers being Japan (Ube Chemical Industries), USA (C.E. Basic) 
and UK (Steetley). Because of the low content of magnesium in sea water, it is necessary 
to use large quantities which causes the operating costs to be high. In addition, it is 
necessary to have available high purity dolomite and limestone. 
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2.1.2.2 Brines Method 
Large marine and terrestrial salt deposits (from fossils) were formed in various geological 
periods. Fossil mineral salt deposits have been mainly mined for their potassium salts, 
where magnesium brines are waste by products. Other rich sources of brine are from sea 
water desaIination plants and sodium chloride plants [97]. 
Magnesium hydroxide is produced by precipitation from magnesium brines by the use of 
strong bases such as sodium hydroxide and calcium hydroxide. The former is used if low 
calcium oxide levels are required, however the latter is the most commonly used, using 
minerals such as limestone (lime) or calcined dolomite (dolime). 
The magnesium hydroxide slurry produced is then thickened and filtered to remove the 
calcium chloride present. Calcium sulphate is also produced which can be both difficult 
and expensive to remove. High purity magnesium hydroxide may be produced if the brine 
is mixed with ammonia. This technique is commonly used in sodium chloride plants [98]. 
2. I .2.3 Raw Material Method 
This method patented by Veitscher Magnesitwerke AG [32] produces a high purity (99.8 
wt%, the highest impurity being oxides) magnesium hydroxide with a regular crystal 
lattice. It also has a low surface energy which minimises the tendency to form 
agglomerates. The very regular hexagonal platelet particles produced have a mean particle 
size of about a micron. This magnesium hydroxide was introduced onto the market as 
'Magnifin', with currently twelve different grades available. 
The process (shown in Figure 2.3) involves the leaching of raw mineral (magnesium 
silicate) by circulating hydrogen chloride to remove any unwashed residue. The remainder 
undergoes a specially controlled 2 step precipitation process to separate any impurities. 
This leaves magnesium chloride liquor which undergoes thermal degradation to 
magnesium oxide. The circulating hydrogen chloride is removed and the magnesium oxide 
is then slaked, with the magnesium hydroxide produced undergoing supervised 
recrystallisation. 
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Another similar method has been recently patented [99] which utilises magnesite 
(magnesium carbonate) as the raw mineral. This is to exploit the large deposit of 
magnesite found in Queensland, Australia [100]. It is currently being produced by 
Flamemag, a part-owned subsidiary of the Queensland Metal Corporation. 
MAGNESIUM 
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J 1 MgC!, 
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DE COM PO SITION 
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OXIDE 
J l H,O 
MAGNIFIN 
Figure 2.3 The Magnifin Process [32]. 
2.1.2.4 Kyowa Method 
The K yowa Chemical Industry Company Ltd. filed a patent in 1979 [101 J which covered 
the production route for a new type of magnesium hydroxide with particles of 10 to 100 
microns size. 
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The new magnesium hydroxide was prepared at an elevated temperature by hydrothermal 
treatment in a novel aqueous medium of magnesium chloride or nitrate, according to the 
formula: 
(2.2) 
where A is either Cl or NO), x is 0 to 0.2, m is 0 to 6 
This basic magnesIUm chloride or magnesIUm nitrate can be formed by reacting 
magnesium chloride or magnesium nitrate with an alkaline substance in an aqueous 
medium. The amount of alkaline substance is controlled with respect to the magnesium 
salt. Also the hydroxyl ion ratio of the alkaline substance to the magnesium ion ratio 
remains at a predetermined value. The reaction is best carried out between 10 and 20°C. 
2.1.3 Uses for Magnesium Hydroxide 
One of the major uses of magnesium hydroxide is in the production of Magnesia, which is 
a white solid used in the manufacture of high temperature refractory bricks, electrical and 
thermal insulators, cements, fertilisers and rubber. It is also used as an intermediate in the 
production of magnesium metal [33]. 
Other uses are as a replacement for caustic soda, lime and soda ash to neutralise acid 
waste, to meet stringent clean water act regulations [93]. It is easier to work with and 
requires fewer precautions than other alkalis mentioned above. 
Magnesium hydroxide is finding increased uses as a flame retardant replacing (such as 
polyhalogenated diphenylene ether) in thermoplastics. Major applications so far have 
been in wire and cable in plastics such as PVC, XLPE, EVA and EPDM [109]. However, 
the cost of magnesium hydroxide is two to three times more than ATH, therefore there is 
no reason to prefer the former if the latter functions satisfactory. 
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According to Rothon [2], generally for a filler to give good composite properties, it needs 
to be colourless (or white), non-toxic, insoluble (with low levels of soluble impurities), 
low levels of transition elements, have a Moh hardness less than 4, have a low aspect ratio, 
be cheap, and readily available. Commercial magnesium hydroxide is available [32], 
meeting the above criteria. The need for magnesium hydroxide has been growing between 
10-12% annually, however it is expanding from a very small base. 
2.1.4 The Use of Magnesium Hydroxide as a Flame Retardant 
Since the early 80's there has been a vast amount of interest in using magnesium 
hydroxide as a halogen free flame retardant, for polymers that require high temperature 
processing [3-12, 21, 102-116]. 
Compared to halogen-based systems, magnesium hydroxide utilises physical methods to 
extinguish flames, while the former relies on a chemical action (Section 1.3). Homsby 
describes magnesium hydroxide exerting it's flame retardancy through the following 
actions [5, 6]: 
i) It endothermically degrades, removing heat from the matrix, thus retarding the rate of 
degradation. 
ii) An inert gas, H20 is released on degradation, which dilutes the fuel supply present in 
the gas phase. 
Mg(OHh => MgO + H20 (2.3) 
iii) Both the flame retardant, and the degradation product produced, further reduce the 
thermal energy available, due to their high heat capacity. 
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iv) A char forms which may insulate the matrix from the heat source. This has been 
shown using forced combustion studies, which indicate that the char is reducing the 
heat transmission to the matrix. 
v) The high filler content required (-60 wt%) acts as a solid phase diluent, reducing the 
thermal feedback with increasing filler content. 
The overall effect is a reduction of the rate of heat transfer from flame to matrix, thus the 
fuel supply is reduced to the point where the flame is starved to extinction. 
Another important property of magnesium hydroxide which surprisingly has not been 
accentuated, is it's ability to suppress smoke. This in some way is the most important 
property, due to the' fact that most deaths in construction fires are caused by smoke 
suffocation. Recent fires such as Kings Cross, London [213], where an underground 
station was closed for several weeks following a fire, due to release of dioxins and furans. 
In Germany, a telephone exchange was closed following a small fire involving halogens, 
which have added to the desire for halogen-free flame retardants. 
Homsby [4-6] has shown that magnesium hydroxide reduces the rate of smoke evolution, 
and the volume of smoke produced, although the formation of soot and smoke suppression 
are still not fully understood. 
In soot formation there are three important steps. First, embryonic particles are formed. 
These then grow into spherical particles, 10-50 nm in diameter; and finally the particles 
agglomerate to form chains. However it should be noted smoke is only observed if it 
escapes the flame without re-oxidation. 
It had been previously thought that H20 released during magnesium hydroxide degradation 
suppressed the smoke by increasing the carbon monoxide levels. Homsby proved this was 
not the case by comparing the smoke evolution results for polypropylene compounds 
containing various loadings of magnesium hydroxide and magnesium oxide (Figure 2.4), 
which indicate that the latter was the active species. 
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Figure 2.4 Smoke Evolution from Polypropylene Compounds containing Magnesium 
Hydroxide and Magnesium Oxide [5]. 
There are several theories as to how smoke suppression occurs. One theory is that the 
active magnesium oxide produced during degradation promotes carbon volatilisation by a 
catalytic reaction. Oxygen has also been shown to dissociate on the oxide surface at high 
temperatures (400-500°C), producing radicals, which are extremely reactive, oxidising any 
carbon deposits present [5,6]. 
Active magnesium oxide also has a relatively high surface energy that would adsorb carbon 
particles, and also hydrocarbon fuel. In addition it is believed that there is some 
transformation in the fuel production process, increasing the yield of the simple pyrolysis 
products such as COz and H20 leading to a clean burning flame [4]. 
Other factors to take into account that would deCTease smoke evolution are diluent effects, 
and char formation. Since magnesium hydroxide does not volatilise at polymer burning 
temperatures, it must be associated with activity in the condensed phase [7,21]. 
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To date magnesium hydroxide has been used in a variety of polymers, and it should be 
noted that there can be a difference in its effectiveness as a flame retardant and also in 
other properties. Gal [112] has shown for magnesium hydroxide in polyethylene and 
ethylene-vinyl acetate, that not only does the filler affect the polymer degradation but also 
the rate of the magnesium hydroxide degradation. 
Some work [110] performed on magnesium hydroxide filled unsaturated polyester showed 
that it greatly increased the viscosity of the polyester, which was detrimental to 
processing. This is not surprising since magnesium hydroxide is employed as a thickening 
agent in composite moulding formulations. However, there has been some success using 
maleic anhydride to reduce the thickening characteristics. Limiting oxygen index tests on 
magnesium hydroxide composites gave fairly poor results compared to ATH. This was 
attributed to the difference in the char; where A TH was fairly well bound, magnesium 
hydroxide tended to spall and break apart. 
2.2 Fillers, Reinforcement and their Influence on Polymer Properties 
In composites filled with magnesium hydroxide there would be a continuous polymer 
matrix phase, and a discontinuous filler phase, made up of either individual particles or 
agglomerates. Because these particulate fillers have low surface area to volume ratio there 
is a low absorption by the resin. This allows for high loading, with little effect on 
viscosity. Increasing regularity of shape of particles gives better wetting, uniform stress 
distribution, and physical properties that are more calculable. i.e. less scattered. 
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2.2.1 Particulate Fillers 
Fillers are defined as additives in solid fonn that differ from the polymer matrix in respect 
to their composition and structure. The fillers are generally inorganic by nature and less 
frequently organic. Inert fillers or extenders increase the bulk and lower the price, while 
active fillers produce specific improvements in certain mechanical or physical properties 
and are thus also known as reinforcing fillers. The extensive range of fillers and 
reinforcing agents used nowadays indicates the major significance they have attained. 
Although their original purpose was to lower the cost of the polymer, their prime function 
now is the selective modification of the properties of a plastic [20]. 
Gachter [119) attributed the action of active fillers to two main causes. (i) Some fillers 
fonn chemical bonds 'with the matrix. Carbon black, for example, produces cross-linking 
in elastomers by means of radical reactions. (ii) Other fillers act mainly through the 
volume that they take up. In the presence of filler particles, the chain molecules of the 
polymer cannot assume all the confonnational positions that are basically possible. The 
polymer segments attached to the filler surface by secondary or primary valence bonds in 
turn cause a certain immobilisation of adjacent segments and a possible orientation of the 
polymer matrix. The molecule chains tend to be in a direction parallel to the surface 
which can double the effective molecular size in that direction. The reason for this 
immobilisation lies in the high degree of dimensional stability of the filler particles. This 
is confinned when studying the glass transition temperature of filled composites that show 
an increase due to lack of mobility [158, 204, 218) (see also Section 2.2.4). 
2.2.2 Filler Particle Shape, Size and Morphology 
Particle shape plays an important part in detennining all the important properties of a 
composite, such as tensile and impact strength, stiffness and rheology of melt. Describing 
a particle shape is a difficult task because most particles are too irregular in morphology to 
characterise directly, and there may be a large variability. 
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There are several ways to define a shape. It may be possible to compare the particles with 
standard shapes, such as shown in Figure 2.5. The particle shape is projected on a plane, 
and a contour plot is used as a standard shape. This method is mainly used in image 
analysis [121,123]. An older, but still more frequently used method of quantification of 
particle proportions uses the ratio of two parameters, the longest and shortest dimensions, 
and is quoted as it's 'aspect ratio'. 
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Figure 2.5 Characteristic Filler Particle Shapes [121]. 
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As mentioned earlier filler particles tend to be irregular in shape, natural minerals more so 
than synthetic fillers. Therefore to define a particle to be used in model equations (such as 
Stokes) equivalent spherical diameter (esd), or the diameter of a sphere having the same 
volume as that of the particle is used. Another problem is trying to distinguish between 
primary particles, agglomerates and aggregates, and is further complicated because they 
can all break down during processing. 
The particle size for naturally occurring minerals is determined by the place of origin and 
the mineralogy of the deposit. Other effects include the method used for mining, and the 
separation procedure to obtain the filler product. For the synthetic fillers, size will be 
dependent on the mode of synthesis, such as precipitation. 
The size of the particle affects the activity of the filler. Particles that are one hundredth of 
a micron to one tenth of a micron in size tend to be actively reinforcing, increasing 
properties such as tensile and flexural strength. While particles which have a size range of 
one tenth of a micron to two microns are semi-active. However such small particles tend 
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to agglomerate and therefore become difficult to disperse during processing, thus acting as 
defects because of their large size compared with individual particles. Also particle -
particle interaction forces are relatively weak compared to particle - matrix interaction, 
therefore fracture tends to occur through the former [8]. 
Particles a couple of microns to approximately fifty microns in size are considered to be 
inactive, while above this they greatly impair the property of the matrix [125]. 
Particle size distribution is an important factor as it can effect rheology, abrasiveness, 
abrasion resistance, particle packing, dispersibility and optical effects. There are several 
ways of measuring P.S.D., such as light and electron microscopy, light scattering using 
lasers to measure diffraction of dilute solutions, Coulter principle measuring output from 
non-conducting particles, sieve analysis using various sieve sizes to inspect the amount 
retained, and the common sedimentation analysis. Surface area is one of the most 
important filler properties. Many effects of fillers are surface dependent, particularly 
where surfactants, and dispersants are adsorbed or reacted with the filler surface. 
Surface area is usually measured by the quantitative adsorption of nitrogen following the 
procedure originally described by Brunauer, Emmett and Teller, known as the BET 
method [124], which is discussed in more detail in the experimental technique section: 
2.2.3 Particle Packing Behaviour 
The packing behaviour of particles in a polymer matrix is a critical factor in the 
understanding of filled composites, especially when highly filled systems are involved. 
The packing behaviour of particles in a filled composite is largely dependent on their 
particle size, shape, distribution and surface characteristics. 
Hoy proposed a model for particles packing in a filled system [125]. He suggested the 
volume occupied by the filler particles is given by the equation: 
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(2.4) 
When the addition of filler particles is continued, to the point that they start to touch 
neighbouring particles, critical packing is attained, called the maximum packing fraction, 
$m [123]: 
Vc = volume occupied by particles 
V, = total volume of filled system 
'" =Vc 'I'm _ 
Vo 
(2.5) 
The maximum packing fraction is the maximum volume fraction of particles that can be 
incorporated before a continuos network is formed and voids begins to appear in the 
composite. It is difficult to measure or predict with great precision, due to the complex 
interactions between the particles and the polymer matrix, and the processing method 
used. Thus tap density of dry powder is of limited quantitative value. However, oil 
absorption methods are more appealing due to their simplicity and the ability to give crude 
approximation to polymer processing. 
At the maximum packing fraction, the voidless composite attains its maximum modulus 
and viscosity. However, almost all composites are formulated well below the maximum 
packing fraction of their discontinuous filler content [40,52]. 
2.2.4 Composite Modulus 
It is well known that the addition of a filler to a matrix increases its stiffness and therefore 
its modulus [145-169]. Composite modulus is the easiest mechanical property to estimate 
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because it is a bulk property that primarily depends on the geometry, modulus, particle 
size distribution, and filler content. 
There are many models used to predict composite modulus, which have been shown to 
have varying success [35-36,145-169]. The simplest way of calculating composite 
modulus is by using the 'rule of mixtures': 
(2.6) 
E, Composite modulus 
E m Modulus of matrix 
E f Modulus of filler 
<P Volume fraction of filler 
Which assumes equal strains in the two phases under deformation. 
To compare the various models (Equations 2.7 to 2.15) Bigg [145] made slight alterations 
on some of the equations, so the equations showed relative modulus, ER' Einstein [209] 
equation can be used to measure composite modulus, for non-interactive spherical 
particles, 
(2.7) 
although it is only valid at low filler volume content [123]. However Mooney (Equation 
2.8) [166] has modified the above equation for higher filler volume contents. 
<P m ~ Maximum packing fraction of fillers 
T ~ Usually 2.5 
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Mooney and Frankle/Acrivos (Equation 2.9) [167] also introduced the concept of 
maximum packing fraction to account for the differences in particle geometry: 
(2.9) 
While Guth's equation [164] is an expansion of Einstein's to account for the interparticle 
interactions at higher filler content: 
(2.10) 
B = Usually 14.1 
Quemada [165] introduces a variable coefficient, K to account for both interparticle 
interactions and differences in particle geometry: 
(2.11) 
For spherical particles, the Kerner equation [37] has been shown to be most versatile, and 
best predicts experimental results over a wide volume fraction range: 
E __ G.!--f <1>...!.,/.:.,:[ (_7 -_5....:u ):.-GLP _+..:....( 8_-_I O_U:.-)G-'.f:...] +_<1>.-:../:...[1_5 (:..-.I-_U..::,)] 
R - Gp <1>/[(7-5u)G p +(8-lOu)Gf]+<1>/[15(I-u)] 
G f = Shear modulus of filler 
G = Shear modulus of matrix p 
U = Poisson ratio of matrix 
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When the filler is non-spherical the situation becomes much more complicated. Several 
mathematical solutions have been developed for high aspect ratio fillers aligned in the 
direction of the applied tensile load [123]. 
Nielsen (Equation 2.13) [168] modified a model by HalpinlTsai to take into account filler 
geometry, maximum packing fraction of the filler, interparticle interactions, and the 
relative modulus of the two phases. 
1 + A<l> 
ER = 1- '¥<l> (2.13) 
The constant A takes into account such factors as the geometry of the filler phase and 
Poisson's ratio of the matrix: 
(2.14) 
Where KE is the Einstein's coefficient. For a particular shape of filler particle, KE and \jf 
(the Poisson's ratio) of the system are constants. 
The modified HalpinlTsai equation does have some failings, such as not taking into 
account the particle size distribution which can influence the maximum packing fraction, 
<l> m' A narrow particle size distribution leads to a lower value for the maximum packing 
fraction, as compared to a broad particle size distribution. This is because small particles 
can fit into the voids between larger particles. Thus a distribution of particle sizes gives a 
higher packing fraction, and therefore lowers the modulus for a given concentration. Also 
the type and degree of anisotropic orientation can completely modify the deformation 
behaviour. 
Murthy [148] has shown that with talc in polypropylene, the platelets produce large 
increases in the modulus, especially when orientated predominantly in the basal plane. 
Further deviation from the model can occur when the filler particles also orientates the 
matrix crystals, again within the basal plane [149]. 
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Chow (Equation 2.15) [155] has developed a model for isolated particles with tensile 
stresses being carried by the filler and load being transferred by shear. The model agrees 
fairly well at low aspect ratios «10) but diverge for large aspect ratio fillers. 
where 
and 
k bulk modulus 
B(I.3) = 1 + (k r / km -1 )(1- <1»U(I.3) 
D(I.3) = 1 + (G r / Gm -1)(1- <1>)13(1.3) 
Cl,j3 functions of aspect ratio and Poisson ratio of matrix 
(2.15) 
(2.16) 
(2.17) 
It is now generally accepted that the particle shape plays a very important role III 
determining the modulus of a filled composite. McGenity [209] found that III 
polypropylene, the modulus decreases in the following order: 
mica > talc > kaolin > calcium carbonate 
i.e. in the order of the expected aspect ratios. 
Cook [104] showed that a composite of magnesium hydroxide in polypropylene was 
dependent upon particle size, and stearate coating levels, where an increase in either 
parameter decreased the modulus. 
The paragraph above also introduces another factor, the influence of interfacial adhesion 
between matrix and filler upon the composite modulus. Vollenberg [154] has shown for 
polystyrene, polycarbonate and polypropylene composites containing pure glass beads, 
there is a strong tendency of the composite modulus to increase with decreasing particle 
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size of the filler. However the particle size dependence is absent in the case of either 
perfect or very poor adhesion, resulting from silane coupling agent coating. 
Although Vollenberg showed particle size and interfacial adhesion influences modulus, 
some authors has shown this not to be the case. For example, Yilmazer [169] has found 
that the composite modulus for glass beads in polyurethane is not affected by particle size 
or the coupling agents used. 
Nearly all models for the composite modulus and other mechanical properties of filled 
polymers, assume perfect dispersion of the filler particles. However, in practice, the filler 
particles are more or less agglomerated, therefore it is not surprising that there can be a 
large difference between theoretical predictions and experimental data [156]. 
Agglomeration can greatly increase the modulus of a composite and decreases the 
maximum packing fraction. Agglomerates can be sub-classed into wetted and non-wetted, 
where the former has matrix material within the agglomerate, and the latter has entrapped 
air pockets. Filler agglomerates that are wetted by the matrix produce higher composite 
moduli than similar agglomerates that are not wetted. This is because the wetted matrix is 
isolated in the agglomerate and is less free to react to stress and strain than the continuous 
matrix phase. 
Another property that influences the composite modulus is the formation of an interlayer 
around the rigid filler particles. The term 'interIayer' (or immobilised layer) is usually 
used for the thin layer of matrix with changed morphology and physical properties created 
in the preparation of the composite. The majority of published data give the thickness of 
the interlayer to be within the range of ten to two hundred nanometres [119, 154, 157-
161]. 
It is because of the behaviour and character of the interlayer that simultaneous 
improvement cannot usually be obtained in modulus, strength and toughness. For 
example, good interfacial adhesion usually promotes tensile strength, and modulus but is 
detrimental to toughness which is controlled by the debonding of the filler - matrix layer. 
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This interlayer is in effect an immobilised matrix material, which the vast majority of the 
models do not take into account. It has a lower conformational entropy, causing an 
increase in the macroscopic rigidity of the immobilised interlayer in comparison to the 
matrix. 
Jancar (157,158] believes that an 'infinite agglomerate' can be formed with the interlayer 
as a 'bonding agent' giving rise to a new hyperstructure in the composite. In the case of 
magnesium hydroxide needles· in polypropylene, bundles are formed, which act as 
reinforcing elements. These bundles cause a drop in modulus compared to magnesium 
hydroxide particles due to weak bonding forces holding the particles in the bundles 
together. 
The single magnesium hydroxide fibre has a modulus determined by its chemical nature 
and crystallographic structure. In the case of the agglomerated bundles it contains high 
modulus fibres and low modulus matrix, the effective elastic modulus of the reinforcing 
element, will be lower than a single fibre. 
The reason why these agglomerated bundles are formed is believed (160, 161] to be due to 
the interlayer acting as a bonding agent causing the interpenetration of interlayers of 
neighbouring particles. This would happen in the melt during processing when the 
mobility ofthe interlayer is not significantly reduced. 
2.2.5 Tensile Strength 
The tensile strength of a filled composite is difficult to predict because it depends strongly 
on local matrix-filler interactions. Filler particles distort the stress fields, so that when the 
composite breaks, the fracture may travel from one filler particle (or void space) to 
another [149]. Fillers influence tensile strength of composites according to their filler 
content, packing characteristics, size, shape, and interfacial bonding. 
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As stated previously (Section 2.2.3), the packing fraction reflects the size distribution and 
shape of the particles. Poorly packed particles will have larger, less uniform zones of 
matrix between particles, so that when a stress is applied the weakest links, consisting of 
smaller matrix zones, bear the strain and break more readily. The more uniformly packed 
the systems, the more uniformly distributed the strain, and therefore the higher the tensile 
strengths [34]. 
Darlington [170] found that the tensile strength of calcium carbonate filled polypropylene 
increases with a decrease in particle size. This is probably due to a larger interfacial area, 
because specific surface area increases with decreasing particle size. Even though the 
stress fields near a particle tend to be independent of the particle size, the volume of the 
matrix that experiences a given value of stress concentration increases with particle size, 
so that the probability of finding a large flaw in this volume also increases [148]. 
A Comparison of the effect of different particle size at constant filler volume is shown in 
Figure 2.6; with smaller particles there are more matrix zones between the particles to 
bear the stress and also small particles will provide the most uniform cross section, and 
therefore the most uniform distribution of tensile stress. However, since it is difficult to 
disperse small particles, composites can have a range of tensile properties, depending 
upon processing conditions. 
Figure 2.6 The Cross Section of Composites Containing Equal Filler Volume, but with 
Different Particle Sizes [34]. 
The shape of the particles can also effect tensile strength. Irregular shaped particles 
prevent uniform strain patterns, and produce lower strengths. Platy particles tend to align 
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in the direction of flow during moulding. If a cross section was taken in the axis 
perpendicular to the flow, the matrix will predominate, and in this direction tensile 
strength will be greatly improved with elongation at a maximum. The other extreme lies 
in a section in the plane of the platelets where the entire flat surface of the filler is seen. 
In this case, the matrix is severely restricted in its elongation around the particle, thus it 
will be at a minimum [34]. Darlington [170] also found the tensile strength of mica, talc 
and glass-flake filled styrene-acrylonitrile (SAN) and polypropylene are dependent of the 
particle size in the direction perpendicular to the cross sectional area being tested. 
However, even though in theory platy particles could have very high strengths, these are 
difficult to achieve in practice. It is probable that the platelets are not perfectly aligned or 
there may not be' an optimum overlap of one plate over another. Poorly aligned or stacked 
platelets act as stress concentrators and reduce the strength of the composite [148]. 
During injection moulding shrinkage can also develop due to anisotropic thermal 
expansion coefficients. 
Interfacial adhesion can be very critical, where the strength of a composite depends on the 
interaction between the filler surface and the matrix. Uncoated fillers can exert a 
restraining influence on the matrix by effectively restricting molecular freedom up to 
several angstroms from the surface (see section 2.2.4). Others believe that there is no 
interaction at all, with all the load taken by the cross section of matrix. Examples include 
glass sphere filled ABS, and calcium carbonate filled polypropylene [174]. 
Coating can produce active or passive restraints. Coupling agents such as aminosilanes, 
bond filler and matrix surfaces and which produce considerably improved strength and 
reduced elongation. Long chain hydrocarbons produce passive bonding by entanglement 
with the matrix to improve strength without severe restriction of elongation, as the long 
chains are capable of stretching with the matrix. Some authors disagree with the above 
[119,163] because the chains are too short to have an entangling influence. 
Bigg [145] has shown that two general tensile strength - filler volume content responses 
are possible. Figure 2.7 below show these responses, and they are noted as upper and 
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lower bound. The upper bound response assumes strong adhesion between matrix and 
filler, while the lower bound response assumes weak or no adhesion between the two 
materials. 
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Figure 2.7 Typical Tensile Strength-Filler Volume Content Curves for Filled Composites 
showing Upper and Lower Bound Responses [145]. 
Although it is commonly believed that tensile strength drops with increasing filler volume, 
Wypych [123] reported an increase with increasing filler volume, up to a certain limit. He 
stated that three additional factors, other than those already discussed are required for the 
filler to reinforce the matrix. 1) The filler needs to be stronger than the matrix, 2) the 
bonding between matrix and filler must be stronger than the matrix, and 3) the amount of 
filler added must allow for perfect wetting and interaction. 
Jancar [171-173] has shown that with both uncoated calcium carbonate and magnesium 
hydroxide, the tensile strength gradually drops with increasing filler volume content, until 
a brittle transition occurs. Surface treatment of both calcium carbonate and magnesium 
hydroxide with stearic acid reduced the composite tensile strength by lowering the extent 
of polypropylene immobilisation. However the filler content required for the ductile-to-
brittle transition was increased, due to better dispersion and low agglomeration of the 
particles. 
34 
LITERATURE SURVEY 
Homsby [163] noted for magnesium hydroxide in polypropylene that tensile strenb>th was 
little influenced by the filler until very high loadings were reached. This suggests some 
degree of filler matrix interaction capable of resisting the imposition of a tensile force. 
Since there is unlikely to be chemical interaction between the two phases due to large 
differences in surface polarity, he believed that it could be physical interaction between 
the matrix and the highly porous magnesium hydroxide type used. 
Maiti [153] showed the effect of matrix crystallinity upon tensile strength. Work on 
polypropylene with various concentrations of calcium carbonate indicated at very low 
filler concentration, increased crystallinity, and induced a slight increase in tensile 
strength. 
As with modulus there are several models to predict composite tensile strength, requiring 
various parameters, but always the matrix tensile strength, er m • 
Neilsen's equation (Equation 2.18) [123] contains a factor, K which predicts the effect of 
stress concentration caused by the filler. Landan (Equation 2.19) and Leidner/Woodhams 
(Equation 2.20) equation [145] estimate the influence of particle size. 
er, " Composite tensile strength 
er m" Matrix tensile strength 
K " Stress concentration factor (usually 0.5) 
d average particle diameter 
k slope of plot of tensile strength versus mean particle diameter 
(2.18) 
(2.1 9) 
LeidnerlWoodhams equation is an upper bound model. The upper bound is more difficult 
to predict because it depends on the adhesion between the matrix and filler: 
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(2.20) 
NicolaislNarkis (Equation 2.21) [176] suggested a lower bound model. 
(2.21) 
a - adhesion factor 
For spherical filler particles having no adhesion to the matrix 'a' has been found to equal 
1.21. When there is some adhesion between the matrix and filler there is less stress 
induced in the matrix by the filler, and 'a' is smaller than 1.21: 
Turcsanyi (Equation 2.22) [174] produced a model that holds for a variety of fillers and 
thermoplastics, such as glass, wollanstonite, talc and calcium carbonate in polypropylene, 
acrylonitrile-butadiene-styrene, and low density polyethylene. 
(2.22) 
B - Factor fitting constant to experimental data 
2.2.6 Impact Properties 
For thermoplastics, impact strength is the property most difficult to gauge. There are 
several types oftest (!zod, Charpy and Falling Weight), and between each standard there is 
a varying range of test conditions, specimen geometries and mode of stressing. This leads 
to measured impact properties that rarely correlate between different types of test. Also 
results tend to be more scattered (for the same material) in comparison to flexural or 
tensile properties. The impact strength of filled compounds are more scattered due to the 
filler volume content, varying strength of interfacial adhesion, and random crack 
propagation [34]. 
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Commonly it is believed that increasing filler content, decreases the plastics toughness, as 
measured by the impact strength, while rigidity is increased [119]. 
Failure in a filled composite is often initiated by a flaw or defect. Empirically, the energy 
required to initiate and propagate a crack through a composite is the sum of all the 
energies involved in the process i.e. energy to initiate a crack, the fracture surface energy, 
plastic defonnation energy, acoustic energy, and obstacle energy. 
Griffith [122, 178] showed that the fracture stress for a glass material containing a sharp 
crack of length, 'a' is: 
cr = [2E mY f ])1, 
f lIa (2.23) 
cr f - Fracture stress 
E m - Young modulus of matrix 
Y f - Energy required to fracture a unit 'area of material 
A large agglomerate will constitute a flaw that will reduce the stress needed to cause the 
composite to fracture and fail. 
The rate at which the crack grows is inversely proportional to the impact resistance of the 
composite. A polymer considered to have good impact resistance will absorb most of the 
impact energy, and a crack will propagate very slowly. One mechanism of slowing the 
rate of crack growth is the fonnation of crazes at the crack tip. The energy required to 
form and draw these crazes is therefore absorbed by the matrix, slowing the growth of the 
crack [177]. 
There are three possible modes of fracture for ideally dispersed filled composites [150]. 
One where the crack travels through the matrix, and a second where the crack travels 
through the matrix until it reaches a filler surface, peeling the matrix away, then moving 
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onto the next particle. The former tends to happen when the adhesion of the filler to the 
matrix is strong enough to allow the crack to go through the matrix. While the latter 
occurs when there is little or no bonding between filler and matrix. Fmally, if the filler 
particles have weak intramolecular bonding or flaws, then fracture would travel through the 
particles. 
As with other mechanical properties particle shape has a role. McGenity [ref. from 1191 
observed a relationship between aspect ratio of filler particles. High aspect ratio tends to 
increase rigidity, and decrease toughness and impact strength. High aspect ratio fillers have 
large stress concentrations in the region of their sharp edges, which facilitate failure under 
impact conditions. 
Some stress the need for strong adhesion [119, 1231, but it is now widely accepted that to 
improve the impact strength of filled composites, a flexible energy-absorbing bond is 
essential. For example perlite filled high density polyethylene, produced by graft 
polymerising the ethylene onto the filler, has a much higher impact strength than a similar 
system with a mechanical mixture. 
There are no models to predict impact strength, as properties are dependent on strain rate. 
Thus theories that are adequate at low strain rates are not necessary appropriate at high 
strain rates. 
The dispersion state of the filler in the matrix influences the impact strength. It has been 
reported [381 that with increasing dispersion the impact strength also increases. Extensive 
energy absoI]Jtion takes place during deformation, and the failure mode turns from brittle to 
ductile as dispersion increases. Initial failure tends to occur at the agglomerate's existing 
near the loading point, which leads to the impact strength being dependent upon the 
distance between the loading point and agglomerates. This explains the dependency of 
impact strength on the state of dispersion and the large scattering of results observed in the 
falling weight impact test. Particle size and also particle size distribution have some 
influence on impact strength. Work done by Chia [8] indicated that both peak impact force 
and peak impact energy increased with filler particle size. 
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2.2.7 Mechanical Properties of Polyamides 
The following sections deal primarily with mechanical 'properties of dry polyamides, 
which is the condition when freshly moulded (DAM) or extruded polymers are produced. 
The susceptibility of most polyamides to moisture uptake in certain environments can lead 
to a substantial change in mechanical properties [16]. This is discussed further in Section 
2.2.7.3. 
2.2.7.l Tensile Properties 
A typical stress-strain trace for polyamide 6 is shown in Figure 2.8. The curve displays: 
a) the elastic deformation range followed by a region of strain softening, 
b) the yield point, 
c) inhomogeneous drawing of the spherulitic structure by neck propagation, 
d) homogeneous drawing of a fibrous structure, or strain hardening, 
e) finally the point of break or fracture. 
During the deformation, the original spherulitic structure is destroyed, a microfibrillar 
structure develops, stress builds up in the microfibrillar structure as the amorphous 
molecules become more orientated and, finally, when no further plastic deformation 
mechanisms are available, flaws in the material predominate and the material fractures. 
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Figure 2.8 Typical Stress-Strain Curve for Polyamide 6 (18]. 
2.2.7.2 Impact Properties 
The impact properties of a polyamide material depends on a number of factors, including 
those discussed previously (Section 2.2.6); temperature of the material, and moisture 
content. For this reason results from standard impact tests often quoted in manufacturer's 
data sheets are unlikely to be a reliable guide to practical performance of the material. As 
might be expected impact strength increases with temperature and moisture. It also 
increases with the average molecular weight of the polymers. Polyamides are also capable 
of withstanding repeated impact loading without fracture, with results better than most 
engineering plastics [16]. 
2.2.7.3 Moisture Absorption 
Polyamides, are more hygroscopic than most thermoplastics. Liquid H20 or H20 vapour 
can be absorbed from the surroundings in proportions approaching 10 wt%, depending on 
the type of polymer. This behaviour raises problems in processing and design of 
components, for not only are most properties considerably influenced by dimensional 
changes but they may affect the functioning of the components. For processes such as 
injection moulding or extrusion, it is usually necessary to use resins dried to a low specific 
moisture content. 
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The rate of water absorption and desorption in polyamide is diffusion-controlled and 
strongly temperature dependent. The important factors in the establishment of equilibrium 
between a polyamide and a water containing environment are: 
a) the relative humidity (RH), 
b) CH2/CONH ratio, 
c) degree of crystallinity. 
Since the process is diffusion control1ed and relatively slow, the equilibrium conditions in 
polyamide are seldom attained. When the CH2/CONH ratio of the polyamide is increased 
the equilibrium moisture content decreases; while maximum moisture absorption 
decreases with increasing crystallinity. It has also been established that the equilibrium 
moisture content depends very little on temperature conditions. 
As mentioned earlier polyamides can absorb large or small amounts of water according to 
type. Types with a low CH2iCONH ratio (such as polyamide 6 and polyamide 66) can 
absorb over 9 wt%. The moisture is not necessarily absorbed to saturation level and there 
often exists a moisture gradient across the section at right angles to the exposed surface, 
which results in a corresponding graduation of properties. The moisture in polyamides 
usually acts like a plasticiser, promoting molecular chain movement. This decreases 
stiffness and increases flexibility. Tensile and other moduli are reduced and elongation 
increases with increasing moisture content. 
2.2.8 Short Glass Fibre Reinforcement 
Glass fibres used as reinforcement in thermoplastics are manufactured in continuous 
filament form, by the drawing process. Molten glass is passed from the furnace, through a 
forehearth, to a series of bushings, each containing several hundred minute holes. A 
constant level of melt is maintained in the tank as fine filament are drawn mechanically 
from the bushing tips, at several thousand metres per minute. For a given type and melt 
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viscosity of glass, the filament diameter (usually 9-18 /lm) is controlled by the drawing 
speed [179]. 
Generally fibres are precoated with a coupling agent which promotes wetting and adhesion 
between fibre and matrix. It also prevents abrasion due to fibre - fibre contact, and 
protects the fibre from environmental corrosion. 
Short-fibre composites can be considered as intermediate between particulate filler 
composites and continuous-fibre composites. Particulate fillers aspect ratio tends to be 
around unity, while continuous fibres can be several decimetres long i.e. an aspect ratio 
that is considered to be infinite. Short-fibre composites aspect ratios tend to be in the 
range ten to a thousand. 
For particulate composites it is difficult to achieve a significant strengthening influence as 
very little of the applied load can be transmitted directly to the particulate. For continuous 
fibre composites, it is assumed that the fibre and matrix deform equally, so that the high 
strength, high modulus fibres supports the relatively weak matrix. Although they offer the 
greatest improvement in strength and stiffness over the unfilled matrix, they are difficult to 
process. For short fibres the load is applied to the matrix, although it can be shared with 
the fibres provided there is a strong interfacial adhesion. 
With short fibres an important factor that tends to be neglected with continuous fibres, is 
the influence of fibres ends. An examination of the forces acting upon a short fibre, when 
under a parallel load, shows the tensile stress at the fibre ends to be negligible, due to the 
matrix having no purchase (Figure 2.9). In from the fibre ends, shear forces or interfacial 
friction can act upon an increasing surface area, so that tensile stress in the fibre builds up 
until, if the fibre is sufficiently long, it attains the same level as it would reach in 
continuous fibre composites [180]. 
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Figure 2.9 Strain Contour Model of a Single Fibre in a Composite Matrix [181]. 
Since the load is transmitted from the matrix to the fibre via the interface, then the area of 
this interface must be sufficient to permit the full load carrying potential of the fibre to be 
achieved. This would mean for a given fibre diameter there is a critical length le (Figure 
2.10), which the fibres must exceed if the composite is to fail through tensile fracture O'f. 
rather than shear failure at the interface between the fibre and the matrix [183]. 
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Figure 2.10 Variation of Ten si le Stress in a Short Fibre as a Function of Length [180]. 
This critical length can be calculated by measuring the force required to pull a single fibre 
from a block of matrix. A force P, applied to the fibre develops a tensile stress in the 
embedded section, and in equilibrium this is balanced by a mean shear force at the 
interface equal to llldX. 
So: 
thus: 
and: 
4P 
a f =-, lld 
a lld' f 
4 
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1: shear force 
X length of embedded fibre 
d fibre diameter 
p force applied to fibre 
If the fibre can just be withdrawn from the matrix by a tensile load only marginally 
smaller than the fibre breaking load, then the embedded length, X must be equal to half the 
critical length (since only one fibre is concerned), thus the critical aspect ratio is: 
1: i-shear strength of interface 
1-_ cr f 
d - 21:; (2.27) 
.. ' .. 
During injection moulding the fibres may become orientated in a complex manner, which 
can give a marked difference in mechanical properties. If a composite containing parallel 
fibres are orientated at an angle to the stress axis then a rapid reduction in strength results 
with increasing degree elevation, falling to a minimum at 45°, when failure of the matrix 
in shear parallel to the fibres is most favourable. As the angle approaches 90° the stress 
slightly rises. The transverse strength of a fibre-reinforced composite is dependent on the 
properties of the interface and the fibre volume fraction [182]. 
Bright [184] and Vuong [146] found that the fibre orientation, particularly in the core layer 
of the mouldings, is very dependent on the speed of injection. At high injection speeds, 
the fibres in the core layer were transversely aligned to the flow direction, while in the 
outer layers they were predominantly aligned in the flow direction. At slow injection 
speeds the core layer was larger, and contained fibres in the flow direction, while the outer 
layers contained randomly orientated fibres, or was completely fibre-free. Overall 
orientation improved with increasing injection speeds. 
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They concluded that when the molten material enters the mould the fibres are already 
strongly aligned in the injection direction. At the gate the sudden increase in the 
dimensions of the channel produces a deceleration which is accompanied by a 
compressive force along the flow direction. A fibre that is slightly inclined away from the 
axis will tend to rotate into a transverse orientation to the flow direction, under the action 
of the compressive force. At high injection speeds the shearing flow is considerably 
blunter than at low injection speeds, thus the material will flow almost like a plug, without 
shearing, except in the outermost regions close to the frozen skin. The fibre orientation 
present in the core in the final moulding will therefore be very similar to the transverse 
orientation which is set up at the gate. 
The mechanical properties of fibre reinforced composites are primarily dependent upon 
four factors: The orientation of the fibres as described above, the strength and modulus of 
the fibre, the strength and chemical stability of the matrix, and the effectiveness of the 
interaction between matrix and fibre in transferring stress across the interface [134]. 
A simple 'rule of mixtures' can be applied to continuous fibre composites to calculate 
tensile strength. However, although a useful guideline, these do not account for short fibre 
composites because the fibres are discontinuous, not precisely orientated, and not perfectly 
adhered to the matrix. 
There are modified 'rule of mixtures' models which include those by Cox [186] and 
Vincent! Agassant [185] that take into account fibre orientation and fibre length: 
(J, composite tensile strength 
T average fibre length 
<I> m and <I> f - volume fraction of matrix and filler 
y 
tensile strength of matrix and filler 
fibre orientation factor 
(2.28) 
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A further modified model has been put forward by Templeton [187] by introducing a 
bonding efficiency factor B, to account for the contribution of fibre-matrix adhesion: 
(2.29) 
Kelly and Tyson [188] put forward a model considering the effects of fibres, longer and 
shorter than the critical fibre length, and fibre-matrix interface as well as the force borne 
by the matrix when the composites fail: 
(2.30) 
't - shear strength of fibre/matrix interface 
The first term on the right hand of equation 2.30 takes into account the contribution of 
fibres with sub-critical length, and the second term refers to the contribution of fibres of 
super-critical length. The fibre orientation is not considered in the above model, however 
McNally (Equation 2.31) [189) added an orientation factor, D to the above equation. 
(2.31) 
The modulus of short fibre composites is a lot easier to predict as described previously. 
Modified models presented previously tend to be used, with Halpin-Tsai equations 
(Equation 2.13) being the most popular. 
It is generally believed [179, 180,182) that there are three major toughness mechanisms 
for failure in short fibre filled composites; interfacial debonding, fibre pull out and stress 
redistribution. Each of these mechanism contributes, in different degrees, to the energy of 
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failure. A crack in the matrix of such a composite would propagate up to and around a 
fibre, which would then bridge the crack. If the shear force exceeded the interfacial 
adhesion, debonding would occur. Fibre pullout would occur if the fibre breaks, which is 
often out ofthe plane of the crack, or if one section of the embedded fibre was below half 
the critical length. Energy absorption occurs due to frictional work in pulling the fibre 
from the matrix. After a fibre breaks there is also a redistribution of strain energy from the 
fibre to the matrix. 
2.3 Processing of Particle Filled Polymers 
2.3.1 Processing of Particle Filled Polymers 
There are two fundamental techniques used in processing particle filled thermoplastics, 
continuous and batch. For example, extrusion may be distinguished from injection 
moulding by the fact that the former is used for continuous production of long lengths of 
shapes in simple sections such as rod, tube, bar, sheet, etc., while the latter is used for 
batch production oflarge numbers of items of unique form. 
One of the most versatile continuous processing methods is by the twin screw extruder, 
used frequently for compounding. They are superior to single screw extruders as they can 
provide shorter residence times, improved temperature control, high and controlled shear 
rates, positive pumping action, reduced melt slipping and a self wiping action. In 
corotating units the screws rotate in the same direction, compared to counter-rotating 
which are in opposite directions. For flexibility, corotating twin screw extruders are 
constructed with segmented screws and barrels, allowing a wide choice of length to 
diameter ratio. The screw elements are available in a variety of shapes, e.g., deep 
channels for conveying of solids and volatilisation; shallow channels for melting and melt 
conveying; and kneading blocks for dispersive mixing. Long barrels are desirable in order 
to introduce the great amount of heat required without having to use temperatures close to 
the degradation point of the matrix [8,119,131,132,138-141]. 
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Co-rotating twin screw extruders run in a starve fed manner. In general terms this means 
that the theoretical solids conveying capacity of the extruders exceeds the rate at which the 
polymer is melted in the mixing zones. Hence all raw materials must be fed using 
metering feeders, commonly gravimetrically controlled [135]. 
Unlike injection moulding the residence time in extrusion can be fairly long. When 
exposed to excessive shear and temperature for prolonged period of residence time, the 
polymer matrix may undergo thermal and shear degradation at high output rates resulting 
in a dramatic loss of properties. Frequently in polymer processing, degradation results 
from a combination of mechanical and thermal-oxidative processes. Mechanical 
degradation involving a chain rupture mechanism, depends mainly on the applied shear 
stress, temperature, the initial molecular weight of the polymer and the presence of 
oxygen. 
Hornsby [128] indicated that chain scission occurs readily at the high end of the molecular 
size distribution, indicating that the longer polymer chains are more susceptible to 
mechanical rupturing. He also suggested that the screw speed has a great influence on 
degradation, when comparing the degradation ratios of polystyrene and polypropylene he 
found they increased ten times, for only a three fold increase in screw speed. In 
comparison barrel temperature has a lesser effect on degradation processes. 
In injection moulding, control of the injection speed is also an important aspect. A high 
injection speed may cause jetting and degradation, and thus influence the properties of the 
part produced [129]. 
Compounding is associated with methods for combining polymers with additives such as 
fillers, pigments or reinforcements. Generally, fillers increase the level of the viscosity, 
but the extent may vary from system to system, and decreases with increasing shear rate. 
At very high filler levels, segregation of meltable and non-meltable fractions within the 
feeder or extruder can result in very iocalised forces on the extruder screw, which can 
cause process instability such as large torque, erratic volume output, and temperature 
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fluctuations. This can lead to increased degradation, and make pelletisation of the 
extrudate a difficult task [119,136-137,142-144]. 
Once the particles are wetted, some form of mechanical energy is required in bringing 
about their separation, or dispersion. Many factors are involved in the breakdown of 
particle agglomerates, so a knowledge of the production method and storage method used, 
to understand what is required for separation of primary particles is required. It is also 
important to have a good knowledge of the surface chemistry of the particles, as this will 
determine their tendency to form agglomerates, which thus dictates the energy required to 
break them down [135]. 
Once particles have been broken down, separation needs to be maintained, because 
particles have a natural tendency to flocculate during collisions. In composites, the 
dispersion is usually stabilised by the high viscosity of the matrix, and can be assisted by 
surface modifiers on the particles. 
A common problem in the plastic industry is the breakage of fibre reinforcements during 
the moulding process. This breakage of the fibre prevents the end product achieving its 
maximum property enhancement. 
Parker [131] observed that if pellets and fibres were loosely packed, it would be expected 
that the pellets and glass fibres would tumble around within the barrel's channel. This 
would result in fibre breakage, because of the interaction of the fibres with the pellets, 
barrel wall and with other fibres. As the pellets were compacting the pressure build-up in 
the solid bed was thought to be a possible cause of fibre breakage, as fibres were stressed 
by the pellets forced against them. When increasing the barrel temperatures he noticed a 
drop in fibre breakage. At the higher barrel temperature, the pellets may have softened 
more rapidly and because of this the interaction of the fibres with the pellets may have 
decreased. 
Wolf [130] examined glass fibre reinforced polyamide and found that it was advantageous 
to preheat the pellets before feeding them into the extruder. This resulted in less fibre 
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breakage during compaction. Thus softer pellets were the cause of reduced fibre 
breakage. 
Fibre length breakage was found to change with screw speed [I 31]. At the port where the 
material was fed, fibre breakage was lower at high screw speeds, possibly due to a reduced 
bulk density of the feed stock, or a reduced residence time. Further down the barrel, 
degradation was greater at higher screw speeds, probably due to increased compaction. 
2.3.2 Processing of Polyamides 
The conversion of polyamide granules produced in the polymerisation plant to useful 
forms is probably, in terms of capital invested and labour employed, the largest section of 
the polyamide industry. Expansion of the industry has been accelerated by the adaptation 
of conventional types of conversion equipment used for other thermoplastics to enable the 
polyamides to be processed. 
Injection moulding is by far the most common and versatile method of converting 
polyamide to useful shapes. It is particularly suited to the production of long runs of small 
components required in the mass-production of automobiles, domestic appliances etc. The 
injection-moulding characteristics of the commercial polyamides differ from those of 
other mouldable materials in four main respects: 
a) low viscosity, high temperature melt, 
b) narrow plastic range between melting and degradation, 
c) susceptibility to moisture, 
d) abrupt transition from solid to melt. 
A low melt viscosity means a very fluid mix, and a special nozzle is required to overcome 
dribble. Shrinkage of the highly fluid melt is high (16-17%) due to the injection 
temperature being higher than for other thermoplastics, and also because of the 
crystallinity developed on cooling. To counteract this shrinkage a high follow-up pressure 
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tendency to flash. When flashing does occur, the line pressure should be reduced, but the 
high rate of injection should be maintained. 
Shah [127] reported that when processing polyamide 66 at 288°C only 35°C above the melt 
there was significant thermal degradation. The relative rate of degradation of polyamide 66 
(compared to the rate of degradation at 100°C) was 6.6 at 288°C, which increased to 20 at 
316°C. Excess moisture in the matrix will cause a loss of melt viscosity and there is 
difficulty in maintaining constant dimensions. In some cases excess moisture may also 
cause bubbling of the melt. Vacuum is applied at the vent in the extruder barrel to increase 
the rate of water and volatile removal, to decrease discoloration by air oxidation, and to 
eliminate bubbling of the extrudate due to air entrapment [55]. 
2.4 Surface Modification 
2.4.1 Uses of Surface Modification 
Magnesium hydroxide is a highly ionic material characterised by strong polar bonding. 
Polymers such as polyolefms tend to be covalent materials, that are usually hydrophobic 
and non-polar. Incorporation of such fillers into polyolefins results in two fundamentally 
incompatible phases. Without surface treatment of the magnesium hydroxide, the resulting 
compound will generally give rise to processing problems. For polyamides this 
incompatibility is somewhat reduced due to it having polar amide groups present. 
Without a coating, composites containing high levels (-60 wt%) of magnesium hydroxide 
require a high torque, high processing temperatures, and the materials produced tend to 
have inferior mechanical properties. Also the extrudate usually has poor flow properties 
making injection moulding very difficult, if not impossible [204, 218]. Another problem is 
that the finer the particles, the more they tend to agglomerate and the more difficult it is to 
disperse them. This problem can sometimes be alleviated by coating the filler particles with 
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with a lubricant, such as stearate, which allows freer motion and lowers the particle 
surface energy. 
The hydrophilic nature of some inorganic fillers makes it easy for atmospheric water to 
accumulate at the interface by diffusing through the matrix. As a result, the interfacial 
adhesion of matrix to filler is either intrinsically weak or deteriorates on ageing in a humid 
environment. For these reasons, the majority of fillers are precoated with coupling agents 
to improve the wetting of matrix to fillers. Therefore, strong adhesion of the matrix to the 
filler is created by chemical modification of the polymer, or through the use of effective 
coupling agents which result in reinforcement of a filled composite [20]. 
Coupling agents improve the interfacial adhesion between filler and matrix, preferably via 
chemical bonds, conferring reinforcing properties on inexpensive extenders, improving the 
performance of reinforcements, and allows the filler content to be increased. The degree 
of interfacial adhesion at the boundary between polymer matrix and filler is known to have 
a direct bearing on the ability of a composite to resist crack propagation and hence its 
impact behaviour [150, 163]. They are usually employed at levels of 0.1-6 wt% of filler. 
Coupling agents can be incorporated directly into the matrix or supplied as powdered 
concentrates in fillers, and blended in at the compounding stage [41]. 
2.4.2 Fatty Acids Surface Modifiers 
As stated earlier polymers that are non-polar and possess no reactive surface groups tend 
to be difficult to bind to inorganic fillers, which usually have polar reactive surface 
groups. Modifying the filler surface with fatty acids reduces the inter particle friction, 
minimises agglomeration and improves dispersion in the polymer matrix. The acid group 
attaches itself to the filler particles whilst the aliphatic chain is compatible with the 
matrix. Surface treatment reduces both the surface tension of the fillers, improve melt 
flow properties, which reduce the processing energy. The observed polarity decrease is 
generally believed to enhance wettability of the filler by polyolefins and to result in 
improved processing properties [44, 104, 115]. It has also been shown [4-7, 9] that the 
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mechanical properties of coated filled polyolefins, such as polypropylene and polyethylene 
composites have been enhanced. It was reported [218] that surface coating magnesium 
hydroxide with sodium stearate enhances compatibility with the polypropylene matrix 
Hornsby [163] suggested that for fatty acids in filled polypropylene, the impact properties 
are sensitive to the length of the alkyl chain. He found the highest values were for lauric 
and stearic acid which were the longest alkyl chains. Also the metal salts tended to have 
significantly higher impact values than the more reactive acid forms. With sodium oleate 
(which has unsaturated groups) the melt flow index was found to be somehow inferior, 
tensile and flexural strength show a little increase, but impact strength increases 
significantly as compared with the use of sodium stearate. There was a good indication 
that magnesium hydroxide and polypropylene had been bonded chemically via oleic acid 
[8]. 
2.4.3 SHane Surface Modifiers 
Silane coupling agents behave in different ways depending on the type of mineral filler. 
They are particularly effective in composites containing fillers whose surfaces are neutral 
or acidic, such as: silica, glass, aluminium oxide, and aluminium hydroxide. They are not 
so effective, however for basic surfaces of fillers such as: magnesite, calcium carbonate, 
barium sulphate and carbon black. For these titanates and zirconates are recommended 
[190]. 
Typical silane agents [41] have the general structure: 
(2.32) 
in which X is a short-chain alkoxy group (OCH3, OC2HS)' an acyloxy group, OH, or Cl; Y 
is a functional group such as mercapto, amino, azido, methacrylate, epoxy, an anhydride 
function, or a longer hydrocarbon chain. 
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The X groups react directly, or after hydrolysis (Figure 2.11), with hydroxyl or carboxyl 
groups on the filler surface and then undergo condensation to fonn higher molecular mass 
units (Figure 2.12). 
Figure 2.11 Production of Hydrolysed Silane. 
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Figure 2.12 Polymerised Silane at the Inorganic Filler Surface. 
The Y functional groups react with the polymer or are anchored to the polymer by physical 
mechanisms. The interfacial adhesive effects may result from the attachment of a large 
number of organic groups to the surface of the inorganic filler. This allows the fonnation 
of strong Van der Waal's attractions between the short organic chains of the silane and the 
long chains of the polymer. Strong interfacial bonds promote high strength and improve 
mechanical and electrical properties. 
Boaira [193] reported that a cationic vinylbenzyl silane improved the flexural properties of 
mica filled polypropylene. Okunu [1941 had shown that the addition of a cationic 
vinylbenzyl silane improved the tensile strength of mica filled polypropylene, but had little 
influence on the flexural modulus. 
Washabaugh [1901 studied the influence of silane coated kaolin in polyamide 66. It was 
found that optimal mechanical properties were obtained with 0.8-1.2 wt% silane. Lower 
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levels of treatment gave poor impact properties because of agglomeration, while over 
treatment also lowered impact properties, but not so severely. Beekman [9] found for 
silane coated magnesium hydroxide in polypropylene, that the effectiveness of the 
coupling agent increased at higher filler loadings and smaller particle sizes. 
2.4.4 Other Surface Modifiers 
There are many types of surface modifiers which include aluminates [46], zirconium 
aluminates [47], chlorinated paraffins, polyolefins waxes, carboxylated polybutadienes, 
titanates and zirconates. 
Functional groups in' the coating should be selected in accordance with the type of 
polymer. Amino groups are suitable with polyamides, polycarbonates, PBT, PVC, and 
many thermosets. Methacrylate groups are used with polystyrene, ABS, SAN, and 
thermosets, as are epoxy and mercapto groups. Vinyl groups are employed for polystyrene, 
polyolefins, and PVC. Azido groups are recommended for polyolefins. 
2.4.4.1 Titanate and Zirconate Systems 
When the filler used is talc, calcium carbonate or kaolin; titanates and zirconates are 
recommended for polyethylene, polypropylene, polyurethane, phenolic resins, ABS, 
polystyrene, PA6, and polycarbonate. These agents show good wetting properties, 
composite modulus, and reduce elongation at break [190]. 
The titanate and zirconate systems [41] have the general formula: 
Xm M (O-Z-R-Y)4-m (2.33) 
where M denotes Ti or Zr; X denotes an alkoxy group; Z may be a carboxyl, sulphonyl, 
phosphate or polyphosphate group; R can be a long hydrocarbon chain, and Y is a 
functional group such as amino or methacryloxy. 
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Chacko and co-workers [43] reported that for tensile properties, the surface treatment of 
particulate filler with a titanate coupling agent improved elongation at break but with a 
decrease in tensile stress, attributable to improved dispersion. Sharma[42] reported an 
improvement in impact properties with titanate coupling agent on various particulate filler 
surfaces. 
Han and Sandford [152] showed that for certain titanate coupling agents in filled 
polypropylene and HOPE, lower melt flow properties occurred during processing. Impact 
properties increased (by up to 110%) for calcium carbonate in polypropylene, while talc in 
HOPE approached the strength of the unfilled polymer. Calcium carbonate in 
polypropylene also underwent the greatest elongation (300%), which suggests both 
plasticising and interfacial adhesion effects. The plasticising influence is due to the 
relatively short chain of the organic groups on the titanate. They may act as a lubricant by 
separating the polymer chains from each other, reducing the possibility of entanglement. 
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CHAPTER 3 
EXPERIMENTAL TECHNIQUES 
This chapter provides an account of the raw materials, formulations produced, and 
characterisation technique used in the project. Also included are new and modified 
techniques. 
3.1 Materials 
The two main materials used in this study were commercial grades of polyamide 66 
(reinforced and unreinforced), and both commercial and experimental grades of 
magnesium hydroxide. A more detailed description can be found in Sections 3.1.1 to 
3.1.3. 
3.1.1 Polyamide 
There were three grades of polyamide matrices used, polyamide 66 unlubricated and 
lubricated, and glass reinforced polyamide 66. All were supplied dry, sealed in 25 
kilogram foiled bags: 
Polyamide 66 : Zytel EFEI032, supplied by Du Pont de Nemours. 
An unlubricated grade. 
Zytel ElOIL, supplied by Du Pont de Nemours. 
A lubricated grade, containing 0.2 wt% stearate based lubricant. 
Zytel 70G50HSL, supplied by Du Pont de Nemours. 
Containing EFEl032 PA66, 50wt% short E-type glass fibre, 
lubricant (stearate based 0.2 wt%), and a heat stabiliser (Cull based, 
0.2 wt%). The glass fibre is coated with a si lane coupling agent. 
57 
EXPERIMENTAL TECHNIQUES 
3.1.2 Magnesium Hydroxide 
Three different manufacturer's magnesium hydroxide were used; Martinswerk GmbH, 
Premier Periclase Limited, and Flamemag, a subsidiary of Queensland Metals 
Corporation. Each manufacturer's grades tested, had varying particle diameters, specific 
surface area and morphology, and can be seen in Table 3.1. 
Table 3.1 The Filler Types, and their Manufacturers. 
Manufacturer Filler Type 
Martinswerk H5, commercial grade 
Periclase DP393 STl09, high surface area, experimental grade 
Flamemag (KA), high surface area, experimental grade 
Flamemag Flamemag (FL), low surface area, experimental grade 
Flamemag (TU), low surface area, experimental grade 
3.1.3 Coating Agents 
In an attempt to Improve processmg characteristics and composite properties, the 
magnesium hydroxides were coated with coating agents. The two coatings used were 
stearic acid, a fatty acid, and y-aminopropyltriethoxysilane (AII00), a silane based 
coupling agent. Their chemical formulae are found in Table 3.2. 
Table 3.2 The Coating Types, Chemical Formulae, and their Manufacturers. 
Coating Type Chemical Formula Manufacturer 
Stearic acid CH3[CH21I6COOH BDH 
AIIOO NH2CH2CH2CH2Si[OC2H5h OSi Specialities 
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3.2 Coating Method 
The stearic acid was coated using a dry coating method, while All 00 was coated by 
mixing in a bag. 
3.2.1 Dry Coating 
Coating was carried out in a T.K. eight litre, high speed Fielder mixer. Approximately 1.5 
kilograms of filler (predried) was placed in the preheated (l20°C) mixing chamber at an 
initial rotor speed of 1000 rpm until the filler temperature reached approximately 60°C (it 
has been previously established [204] that stearic acid needed to be added at a temperature 
below its melting point (67°C), to prevent agglomeration of the coating. Also a better 
dispersion of coating was achieved if it was added while being agitated). Stearic acid was 
added gradually through the port on the mixing chamber lid and the rotor speed further 
increased to 3000 rpm for another 40 minutes mixing time. While mixing, the process 
was occasionally interrupted so that coating could be scraped from the walls and lid of the 
chamber. The hot coated filler was then discharged into the cooling chamber, and left until 
it was cool enough to handle. 
3.2.2 Bag Method 
It was brought to the author's attention that there were difficulties in obtaining 
reproducible results for mechanical properties when using AIIOO [205], so the following 
method was recommended. Just prior to compounding, the filler (predried) was placed 
into a large plastic bag, and a small portion of coating was added. This was vigorously 
shaken for a minute, any clumps produced were broken up, and any coating was rubbed 
off the sides of the bag surface. All the remaining portions were systematically added and 
mixed as above, then the filler was immediately compounded. 
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3.3 Characterisation of Magnesium Hydroxide Fillers 
The magnesium hydroxide fillers were comprehensively characterised in terms of their 
morphology, packing ability, coating properties and degradation properties. Table 3.3 list 
all fillers types uncoated and coated that were investigated. It includes coding that are 
used subsequently throughout the remainder of the thesis. The code in brackets refer to 
the coating type and coating level. 
Table 3.3 Codes for Uncoated and Coated Fillers. 
Manufacturer Name Coating Agent Coatingwt% Filler Code 
MagnifinHS - - H5 
MagnifinH5 AlIOO 0.5% H5(A! 0.5) 
MagnifinH5 AllOO 1.0% H5(A! 1.0) 
MagnifinH5 AlIOO 1.5% H5(A!1.5) 
MagnifinH5 Stearic acid 1.25% H5(SA 1.25) 
DP393 ST109 - - DP 
DP393 ST!09 A!!OO 3.0% DP(A!3.0) 
DP393 STI09 Stearic acid 3.0% DP(SA3.0) 
DP393 STl09 Stearic acid 4.5% DP(SA4.5) 
DP393 STl09 Stearic acid 6.0% DP(SA6.0) 
Flamemag Low (FL) Surface Area - - FL 
Flamemag Low (FL) Surface Area AllOO 0.5% FL(A! 0.5) 
Flamemag Low (FL) Surface Area AlIOO 1.0% FL(A! 1.0) 
Flamemag Low (TU) Surface Area - - TU 
Flamemag Low (TU) Surface Area AlIOO 0.5% TU(AIO.5) 
Flamemag High Surface Area - - KA 
Flamemag High Surface Area AllOO 0.5% KA(A! 0.5) 
It should be noted that the coating level quoted in Table 3.3 refers to percentage by weight 
of coated filler. For example, a 2 kg batch of DP(SA 6.0) consists of 120 g of stearic acid 
and 1880 g of filler. 
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3.3.1 Particle Sizing and Particle Size Distribution 
The particle size and particle size distribution was measured by a laser-scattering 
technique, using a Malvern Mastersizer X version 1.0 particle size analyser, at Zeneca 
Resins Limited, Runcorn. The fillers TU and KA were tested on a Malvern Mastersizer S, 
version 2.14, at Queensland Metal Corporation, Australia. Prior to sizing the fillers were 
dispersed using a dispersion agent (Dispex A40), and then sonified for periods of 2, 5 and 
15 minutes, which enabled a measure of the extent the mean particle size was affected by 
prolonged ultrasound to be made. A typical particle size distribution can be found in 
Figure 3.1. The values d25, d50 and d75 refer to the particle diameters of the filler that 
resides at 25%,50% and 75% of the total volume of filler particles present. The d50 value 
tends to be quoted as the particle size average. 
: d25 : d50 : d75 
Particle Olamet.r 
Figure 3.1 A Typical Particle Sizing Graph Using the Polydispersive Model. 
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3.3.2 Specific Surface Area 
The measurement of specific surface area was based upon the physical adsorption and 
desorption of nitrogen gas at the surface of the magnesium hydroxide fillers, it was 
determined by the Brunauer-Emmett-Teller (BET) [124] method. 
This was measured using an accelerated surface area and porosity machine (ASAP 2000) 
in the Department of Chemical Engineering, Loughborough University. 
The machine comprised of three ports connected to a sample cell, which were used to 
evacuate the cell and to pump in helium (carrier) and nitrogen (adsorbate) gas. Each filler 
type (predried) was placed in the sample cell, and was evacuated to obtain a pressure of 
below 50 )lm of mercury. The cell was immersed in liquid nitrogen and then filled with a 
known volume of carrier gas. It was then dosed with a known volume of adsorbate gas, 
and the relative pressure of the adsorbate was measured. As the nitrogen adsorbed onto 
the filler surface, a transducer measured the pressure when adsorption was at equilibrium. 
The cell was then filled with known volumes of adsorbate over a pre-selected range of 
relative pressure values. From the data obtained the volume of nitrogen adsorbed at each 
relative pressure was calculated. A plot of adsorbed volume against relative pressure of 
adsorbate gave the adsorption isotherm. 
The specific surface area of the filler, Srn was calculated from the adsorption of nitrogen 
corresponding to a monolayer coverage of the surface V rn, by measuring the average area 
occupied by each molecule,~. This is described in equation form below: 
S = _V.!"-m--,a m!!.-N--,Ao.. 
m m 
(3.1) 
where NA is avogadros number and m is the sample mass. 
The monolayer coverage Vm, is determined by the absorbed amount V, at a series of 
relative pressures, X" and is interpreted by using the BET equation: 
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x (3.2) (l-X)V 
where C is the BET constant. 
3.3.3 Scanning Transmission Electron Microscopy (STEM) 
To examine the morphology of the magnesium hydroxide particles, scanning transmission 
electron microscopy was found to be most successful. In optical microscopy it was found 
that the resolution was too inferior to characterise the particles. Thus the morphology was 
determined using a Joel JEM 100CX combined scanning/transmission electron 
microscope. Prior to this analysis, the samples were dispersed in methanol, and placed 
onto a glass slide. After the solvent had evaporated, the glass slide was gold sputter coated 
using an Edwards E12 evaporation unit, and mounted on a copper specimen holder. 
Examination of the fillers was undertaken at magnification ofx5K, xlOK, x20K and x50K. 
3.3.4 Compacted Apparent Bulk Density Measurements 
The compacted apparent bulk (tap) density of magnesium hydroxide (coated and 
uncoated) was measured according to BS 2782, Part 6, Method 621 D, 1978 [195]. The 
only difference from the standard is a smaller quantity of filler was used to prevent 
overfilling of the 100ml measuring cylinder. Approximately 50 grams of filler was placed 
in a preweighed measuring cylinder. This was accurately weighed before being placed in 
the oscillator and shaken continuously for 1250 cycles at 85 falls per minute, from a height 
of 20 mm. This procedure was repeated for a further 1250 cycles until the difference 
between two successive readings was less than or equal to 2ml, in which instance the 
lower reading was taken. The compacted apparent bulk density (g/ml) was acquired from 
the weight of magnesium hydroxide per unit volume. This procedure was repeated twice. 
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3.3.5 Oil Absorption 
The oil absorption of magnesium hydroxide (coated and uncoated) was measured 
according to BS 3483, Part B7, 1982 [196]. One gram of filler was accurately weighed out 
onto a glass plate, and placed under a graduated burette filled with linseed oil. This oil 
was added to the filler dropwise, while being blended into the magnesium hydroxide with 
a curved spatula. When the mixture contains sufficient oil to become sticky and give a 
smooth (uncracked) surface the oil addition was stopped, and a reading taken. 
There have been some variations of the standard above, so that there could be simulation 
of the behaviour of the filler in the matrix. The oil which is traditionally linseed can be 
changed to an oil with a polarity similar to the matrix [119]. For example, Cook [30] used 
mineral oil to simulate the magnesium hydroxide in polypropylene. This is because both 
oil and polymer have non-polar properties. For polyamide, linseed is adequate as they 
both have similar degrees of polarity. Each test was repeated twice. 
3.3.6 Diffuse Reflectance Infrared Transmission (DRIFT) 
Vibrational spectroscopy is concerned with the detection of transitions between energy 
levels in molecules which results from vibrations of the interatomic bonds. The 
vibrational frequencies are shown to be characteristic of particular functional groups in 
molecules. More specifically in infrared spectroscopy, when molecular vibrations result 
in a change in the dipole moment, as a consequence of change in the electron distribution 
in the bond, it is possible to stimulate transitions between energy levels by interaction with 
electromagnetic radiation, in this case the infrared region. In effect, when the vibrating 
dipole is in phase with the electric vector of the incident radiation the vibrations are 
enhanced and there is transfer of energy from the incident radiation to the molecule. It is 
the detection of this energy absorption which constitutes infrared spectroscopy [197]. 
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The DRIFT technique was performed on a Unicam Mattson 3000 spectrometer. The 
medium used to hold the filler sample was potassium bromide (KEr). It had been 
previously reported [204, 218] that the particle size of the KEr from the manufacturers 
was too large, which causes a scattering of the signal. Therefore the KEr (predried) was 
ground to approximately 10 microns particle size using a coffee blender for about 20 
minutes. A filler sample, weighing 3 wt% of the total was mixed on a vibratory mixer, 
before being analysed by FTIR, using the DRIFT technique. 
When the FTIR machine was initialised, samples were compacted into round metal 
holders, and the surface smoothed with a flat spatula. The KEr was analysed for 150 scans 
over a range of 400 to 4000 cm-!, to obtain a background spectrum. The samples were 
then analysed until all were scanned under the same conditions. 
3.3.7 Determination of Stearic Acid Coating Level by Ashing 
An ashing technique conforming to BS 2782, Part 4, Method 454A, 1978 [23] was used to 
determine the level of stearic acid on the surface of the filler. Approximately 5 grams were 
accurately weighed to four decimal places in predried crucibles. The samples were heated 
at 8000e for 30 minutes, cooled inside a desiccator and then reweighed. This operation 
was repeated until a constant mass was obtained, that is until two successive weightings 
did not differ by more than 0.005 grams. Three determinations were carried out on each 
sample and the average value recorded. This gave a weight percentage of ash content 
which was assumed to be magnesium oxide (MgO) . The level of coating was calculated 
using the following formula: 
where 
Percentage of coating = 100 - (1.45 x percentage ash content) (3.3) 
1.45 
molecular weight of magnesium hydroxide 
molecular weight of oxide 
(3.4) 
Ashing was performed on all coated fillers produced. 
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3.3.8 Differential Thermal Analysis of Fillers 
Differential thermal analysis (DTA) is a technique in which the difference in temperature 
between the sample and a reference material is measured as a function of temperature, 
while both materials are subjected to a controlled temperature programme. The 
temperature difference is converted by calibration to enthalpy changes in the sample. The 
reference in this case was an empty aluminium cap which was used to hold the sample in the 
DTA cell Thermal analysis of the fillers was carried out using a Du Pont Thermal Analyser 
2()()() and associated software. For each filler type, the enthalpy (MI) of degradation was 
measured. 
The enthalpy of degradation for the fillers were measured by integration of the area 
between the chosen baseline and the DT A curve according to the equation [200] shown 
below: 
A=-KmM:I (3.5) 
where A is the area of the DTA curve, K is the instrument constant, m is the mass of 
sample and M:I is the enthalpy. 
Figure 4.12 (Section 4.1.7) shows a typical DTA trace for a filler. The conditions used are 
described in more detail in Table 3.4. 
Table 3.4 Conditions Used forDTA Analysis of the Fillers. 
Sample weight ID-15mg 
Temperature 20 to 500°C 
Heating rate 50°C/min 
Atmosphere Nitrogen 
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3.3.9 Thermal Gravimetric Analysis of Fillers 
Thermal gravimetric analysis was performed on a Rheometric Scientific TG 760 Series 
instrument and a Hi Res. Modulated TGA 2950 TA instrument, with autosampler. Two 
methods were used to measure the weight loss of magnesium hydroxide. They were: 
a) Using a constant heating rate over the temperature range of interest. 
b) Isothermally controlled method. 
The former indicates at what temperature certain weight losses occur, while the latter 
shows the rate of weight loss at a constant temperature. The conditions used are found in 
Tables 3.5 and 3.6. 
Table 3.5 Conditions Used in the TGA for Increasing Heating Rate. 
Sample weight 10mg 
Temperature 20°C to 800°C, or 1000°C 
Heating rate 20°C/min to 200°C, then 5°C/min above 200°C 
Atmosphere air 
Table 3.6 Conditions Used in the TGA for an Isothermal Heating Rate. 
Sample weight 10mg 
Temperature 20°C to 330°C 
Heating rate 60°C/min until 330°C, then constant at 330°C for 60 minutes 
Atmosphere air 
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3.4 Sample Preparation 
3.4.1 Formulation 
Tables 3.7 to 3.11 contain the composites relevant to the project, which were compounded 
using the magnesium hydroxide fillers stated in Section 3.1.2. These comprised different 
filler morphologies, uncoated, coated, various coating levels and composites containing 
short length glass fibres. The filler loading levels varied from 40 wt% to 60 wt%, and 
glass fibre loading levels from 5 wt% to 20 wt%. Total filler and glass fibre loading levels 
varied from 10 wt% to 70 wt%. As stated in the introduction (Section 1.5) the composites 
were divided into groups to investigate different aspects. It should be noted that these 
formulations were not the only ones investigated, and they are not specifically shown in 
chronological order. The influences are listed below (see also Section 1.5): 
A) Matrix Type: The influence oflubricant, on unfilled and filled composites. 
B) MatrixlFillerIFibre Ratio: To investigate what influence matrix/filler/fibre ratio 
had on various properties. 
C) Filler Content: Showing how the filler level influenced the properties of the 
composite at a constant glass fibre (10 wt%) loading. 
D) Filler Type: To investigate the influence of filler morphology on various properties. 
E) Filler Coating: To examine the influence of fatty acids and silane coupling agents. 
It should be noted that because there is a overlap in the formulations being 
investigated for D) and E), the results are found in the same set of tables (for example 
Table 3.10). 
Optimum Formulation: These composites (Table 3.11) were produced in an attempt to 
obtain optimum mechanical properties with the materials used above, while still retaining 
adequate fire properties. They were formulated using the conclusions found from the 
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above five aspects, and therefore have similar property trends, hence they were not 
discussed in great detail (except UL94). The UL94 results are the exception because they 
show some very interesting properties. The results can be found in Appendix A. 
The composite coding used to describe the fonnulations was broken into four sections. 
The first three (separated by 'I') indicated the weight of the polymer, filler and fibre the 
composites were composed of, respectively. The 'u' indicated the matrix contained no 
lubricant processing aid. The final section (in brackets) indicated the coating type and 
level used. The following composites were made to investigate the aspects listed above. 
Table 3.7 The Fonnulations Used to Investigate Influence of Matrix Type. 
Polymer Polymer Filler Filler Fibre Composite Code 
Type wt% Type wt% wt% 
EFEl032 100 - - - 100U/OIO 
EFEl032 40 OP 60 - 40UIDP6010 
EFE1032 40 FL 60 - 40UIFL6010 
EIOIL 100 - - - 10010/0 
EIOlL 40 OP 60 - 40IDP6010 
ElOlL 40 FL 60 
-
40IFL6010 
Table 3.8 The Fonnulations Used to Investigate Influence ofMatrixlFillerlFibre Ratio. 
Polymer Polymer Filler Filler Fibre Composite Code 
Type wt% Type wt% wt% 
EIOILIHG50HSL 80 - - 20 8010120 
ElOILIHG50HSL 40 OP 60 - 40/DP6010 
EIOILIHG50HSL 40 OP 55 5 40/DP5515 
ElOlLIHG50HSL 40 OP 50 10 40/DP50/10 
ElOlLIHG50HSL 40 OP 45 15 40/DP45115 
ElOlLIHG50HSL 40 OP 40 20 40/DP40/20 
ElOlLIHG50HSL 44 OP 45 11 44/DP45/ll 
ElOlLIHG50HSL 36 OP 55 9 36/DP5519 
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Table 3.9 The Formulations Used to Investigate Influence ofFiller Content. 
Polymer Polymer Filler Filler Fibre Composite 
Type wt% Type wt% wt% 
El 0 lLIHG50HSL 90 FL - 10 901FL01l0 
EIOILIHG50HSL 80 FL 10 10 80IF11 0/10 
EIOILIHG50HSL 70 FL 20 10 70IFL20110 
E101LIHG50HSL 60 FL 30 10 601FL301l0 
EIOILIHG50HSL 50 FL 40 10 501FL40/10 
EIOILIHG50HSL 40 FL 50 10 401FL50/10 
ElOlLIHG50HSL 30 FL 60 10 30IFL60/10 
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Table 3.10 The Formulations Used to Investigate Influence of Filler and Coating Type. 
Polymer Polymer Filler Filler Fibre Coat. Composite Code 
Type wt% Type wt% wt% Type 
El 0 lLIHG50HSL 35 FL 50 15 - 351FL50/15 
EI0ILIHG50HSL 35 FL 50 15 Al 35/FL50/15(Al 0.5) 
ElOILIHG50HSL 35 FL 50 15 Al 35/FL50/15(Al 1.0) 
EI0ILIHG50HSL 35 TU 50 15 - 35/TU50/15 
El 01 LIHG50HSL 35 TU 50 15 Al 35/TU50/15 (AI 0.5) 
EI0ILIHG50HSL 35 TU 50 15 Al 35/TU50/15 (AI 1.0) 
El 0 lLIHG50HSL 35 KA 50 15 - 351KA50/15 
EI0ILIHG50HSL 35 KA 50 15 Al 351KA50/15(AI0.5) 
EI0ILIHG50HSL 35 DP 50 15 - 351DP50/15 
EI01LIHG50HSL 35 DP 50 15 Al 35IDP50/15(AI3.0) 
EI01LIHG50HSL 35 H5 50 15 - 351H550/15 
EI0ILIHG50HSL 35 H5 50 15 AI 351H550/I5(AI 0.5) 
El 0 lLIHG50HSL 35 H5 50 15 Al 351H550/15(AI 1.0) 
ElOILIHG50HSL 35 H5 50 15 AI 351H550/15(Al 1.5) 
EIOILIHG50HSL 35 H5 50 15 SA 351H550/15(SA1.25) 
EFEI032 40 DP 60 - SA 40UIDP60/0(SA 6.0) 
EFEI032 40 DP 60 - SA 40UIDP60/0(SA 4.5) 
EFEI032 40 DP 60 - SA 40UIDP60/0(SA 3.0) 
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Table 3.11 The Fonnulations Used to Investigate Optimised Fonnulations. 
Polymer Polymer Filler Filler Fibre Coat. Composite Code 
Type wt% Type wt% wt% Type 
ElOILIHG50HSL 40 H5 45 15 - 351H545/15 
ElOILIHG50HSL 40 H5 45 15 Al 351H545/15(Al 0.5) 
EI0lLIHG50HSL 40 H5 45 15 Al 351H545/15(AI 1.0) 
ElOILIHG50HSL 40 DP 45 15 - 40/DP45/15 
EIOILIHG50HSL 40 FL 45 15 - 40!FL45/l5 
EIOILIHG50HSL 40 H5 40 20 - 351H540/20 
El 0 lLIHG50HSL 40 H5 40 20 Al 351H540!20(AI 0.5) 
ElOILIHG50HSL 40 H5 40 20 Al 351H540!20(AI 1.0) 
ElOlLIHGSOHSL 40 DP 40 20 - 40/DP40/20 
EI0lLIHG50HSL 40 FL 40 20 - 40IFL40/20 
3.4.2 Twin Screw Compounding 
The machine used to intensively mix matrix, filler and fibre was an APV MP30TC twin-
screw compound extruder oflength:diameter ratio 30:1, with a four strand die, water bath 
cooling train and haul-off/pelletising drive unit. The maximum drive of the motor was 7.5 
kilowatts, with a throughput range of 25 to 35 kglhr. The materials were fed into the 
compounder using three K-Tron T20 volumetric twin screw feeders, two for holding the 
materials, and the third attached to the side of the barrel. The feeders were calibrated 
manually to produce extrudate containing the desired filler/fibre loading level. The 
compounder was starved fed, with the total calibrated output set at 6 kglhr. The 
configuration of the screws can be found in Table 3.12, and Figure 3.2. 
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Table 3.12 Screw Configuration of the APV Compounder. 
Screw Segment Type Segment Length and Paddle Angle 
Feed screw 5.5 D 
Forwarding paddles 4 at 300 
Forwarding paddles 8 at 600 
Full bore orifice plug D/2 at 28.125 mm diameter 
Feed screw 6D 
Forwarding paddles 12 at 600 
Feed screw 4D 
Forwarding paddles 6 at 600 
Full bore orifice plug D/2 at 28.125 mm diameter 
Feed screw 4.5D 
Single lead discharge screw 1.5 D 
Initially the polymer/fibre pellets (predried) and filler (predried) were fed into the screw 
independently using two feeders to the back feed port. After extensive research it was 
found for optimum compounding conditions, approximately 30 wt% of the filler was 
mixed with polymer/fibre pellets, and the remainder was fed through the side feeder. The 
side feeder was attached to the mid-section of the barrel, whose feed rate was set to 
maximum so when the material hits the feeder screws at the bottom it was immediately 
relayed to the compounding screws in the barrel. The side feeder was used instead of 
feeding all filler at the back of the screws because previously it had been found that the 
magnesium hydroxide caked the screws and blocked the back feed port. 
Calibration between the feed screw speed and output of fillers from the feeders was 
carried out for every filler loading used, to take account of differences in bulk density and 
atmospheric humidity. To obtain the required amount of fibre content, the polymer/fibre 
pellets were diluted with unfilled polymer (El OIL), by mixing in a bag prior to being 
placed in the feeder. A constant screw speed of 220 rpm was used, and a set barrel 
temperature as detailed in Table 3.13. The temperature of the die was altered slightly 
depending on the composite being produced, which prevented die blockage. 
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The compounding was performed under vacuum (vacuum pump attached towards the 
front of the barrel, Figure 3.2) to remove any moisture and volatile materials produced. 
Continuous strands were formed via a four strand die, which was cooled in a water bath 
before being granulated in a pelletiser. The granules produced were immediately placed 
in a preheated oven at 70°C overnight to remove any water absorbed during cooling. 
Table 3.13 Set Temperature Conditions Used for Compounding Each Material. 
Barrel Section 1 Rear 2 3 4 5 6 Die 
Polyamide 66 270°C 270°C 265°C 265°C 265°C 257°C 
While the compounds were being produced compounding torque, pressure, and actual 
temperature readings were taken and have been quoted in the result section. 
3.4.3 Injection Moulding 
The composites in Tables 3.7 to 3.9 were injection moulded into two types of test bars 
using a Negri Bossi NB 55 machine with Dimigraphic 200 control card. Tensile 
specimens conforming to BS 2782, Part 3, method 320B, 1976 [24] and Izod bars 
conformed to BS 2782, part 3, Method 359, 1984 [25]. Prior to moulding, the compounded 
granules were pre-dried at 800C for approximately 18 hours. A sample of dried pellets was 
taken before injection moulding for water content analysis. The moulded samples were 
then sealed in foiled bags to prevent any moisture uptake, and therefore classed as 'dry as 
moulded', DAM. The moulding conditions used for each mould type can be found in 
Table 3.14. For the composites in Table 3.10 and 3.11 a Negri Bossi NB62 was used. 
This was due to the previous machine being upgraded. The mould conditions used were 
kept as similar as possible to the previous conditions, and can be seen in Table 3.15. The 
hold-on pressure and shot size needed to be altered to fill the mould to obtain a cushion of 
material at the nozzle, and to prevent flash. It should be noted these parameters are close 
approximations, and did require slight alterations depending on the composite being 
injection moulded. 
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Table 3.14 The Moulding Conditions Used for the NE55 Injection Moulder. 
Test Specimen Tensile Izod Impact 
Injection temperature (oC) 
Nozzle 292 292 
Barrel I 292 292 
Barrel 2 292 292 
Barrel 3 295 295 
Injection speed 
1st injection speed 80% 80% 
2nd injection speed 80%/30mm 80%/30mm 
3rd injection speed 60%/25mm 60%/25mm 
4th injection speed 60%/20mm 60%/20mm 
5th injection speed 40%115mm 40%/15mm 
Hold-On Pressure 
1st hold pressure 50bar/20.0sec 60bar/20.0sec 
2nd hold pressure 45bar/5.0sec 55bar/5.0sec 
Back Pressure (bar) 
I st back pressure 2 2 
2nd back pressure 2/45mm 2/45mm 
Maximum Injection Pressure 140 bar 140 bar 
Screw Position Trip (mm) 5.0 5.0 
Shot Size (mm) 52.0 56.0 
Mould Cooling Temperature (OC) 80 80 
Mould Cooling Time (sec) 40 40 
Sprue Temperature (OC) 320 320 
76 
EXPERIMENTAL TECHNIQUES 
Table 3.15 The Moulding Conditions Used for the NB62 Injection Moulder. 
Test Specimen Tensile Izod Impact 
Injection temperature (oC) 
Nozzle 292 292 
Barrel 1 292 292 
Barrel 2 292 292 
Barrel 3 295 295 
Injection speed 
1st injection speed SO% SO% 
2nd injection speed SO%/55mm SO%/55mm 
3rd injection speed 60%/50mm 60%/50mm 
4th injection speed 40%/45mm 40%/45mm 
5th injection speed 20%/30mm 20%/30mm 
Hold-On Pressure 
1 st hold pressure 40bar/20.0sec 50bar/20.0sec 
2nd hold pressure 35bar/5.0sec 45bar/5.0sec 
Back Pressure (bar) 
1 st back pressure 2 2 
2nd back pressure 2/S0mm 2/S0mm 
Maximum Injection Pressure 120 bar 120 bar 
Screw Position Trip (mm) S.O 9.0 
Shot Size (mm) 92.0 99.0 
Mould Cooling Temperature (OC) SO SO 
Mould Cooling Time (sec) 40 40 
Sprue Temperature (oC) 320 320 
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3.5 Characterisation of Compounded Material 
The dried pelletised materials were characterised in terms of their final filler content, 
rheological properties, and moisture content prior to injection moulding. 
3.5.1 Final Filler Content 
An ashing technique conforming to BS 2782, Part 4, Method 454A, 1978 [23] (see Section 
3.3.7) was used to determine the final filler content of the compounds. An analysis of the 
final weight percent of each composite, samples of 100% polyamide 66 and 100% 
. magnesium hydroxide, uncoated and coated, was carried out. 
To calculate the filler content of a composite, a calibration plot of the ash residue versus 
filler content was used, and can be found in Figure 3.3 below. The first point was 
obtained by ashing unfilled polyamide 66 at 800 QC, and determining the ash residue, 
which was 0.00 wt%. The second point was obtained by ashing the filler at 800
Q
C, and 
weighing the magnesium oxide residue, which tended to be approximately 70 wt%. 
80 
Cl) 70 
::::I 60 
:E 
11) 50 Cl) 
a:: 40 
.c:: 
11) 30 « 
'#. 20 
~ 10 
0 
0 20 40 60 80 100 
wt% Filler 
Figure 3.3 Calibration Plot for Magnesium Hydroxide and Filler Residue. 
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It was assumed that the relationship between the matrix, filler and residue components 
was linear, so that any point chosen along the line would indicate the filler content. Some 
of the composites contained fibres which do not lose weight at 800°C. Therefore the fibre 
content value, was taken into account during the calculation. 
Quoting just weight content can be misleading, when for example describing magnesium 
hydroxide dispersion within the matrix, since the density of the former is approximately 
twice the later. Therefore it is also important to express the volume content of the filler 
present. Also the fibre volume content needs to be taken into account when they are 
present in the composite. The volume content of the composite (Vc) can be calculated 
from its constituents, using the following equation: 
v _ (MPA) + (MFlLLER) +(MFlBRE) 
C - PPA PFILLER PFlBRE 
(3.6) 
where M is the mass of the constituent, and P is its density. 
3.5.2 Final Fibre Content 
Normally to obtain the fibre content of polyamide matrix it is removed by usmg 
concentrated formic acid. However, the presence of magnesium hydroxide complicates 
matters because it does not dissolve in the above acid. 
After extensive experimental research, the following technique was devised. The pellets 
produced during compounding were dried for a day at 120°C, and then weighed. This was 
then placed in a 250 ml conical flask containing a pouring lip. 50 ml of concentrated 
formic acid was introduced, and then left for 2 days, with the flask shaken occasionally to 
break up the sample. After this period the formic acid containing the constituents of 
polyamide was decanted, and another 50 ml of acid was introduced to the flask. This was 
left for a day, again the formic acid removed, and another 50 ml added. This was again 
decanted after a day, leaving magnesium formate (from reacting with formic acid) and 
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glass fibre. Concentrated nitric acid was added dropwise very carefully using a pipette, 
which reacted to give magnesium nitrate, and nitrogen dioxide, a brown obnoxious gas. 
The nitric acid was added, until there appeared to be no more reaction taking place, and 
the very soluble magnesium nitrate had dissolved into the acid solution. This was 
decanted and the remaining glass fibres were washed with distilled water. Finally the 
glass fibres were placed into a preweighed 50 ml beaker, dried at 120°C for a day and then 
weighed. 
The whole procedure was carried out with extreme care using goggles, gloves, lab coat 
and a well ventilated fume cupboard. 
3.5.3 Fibre Length Analysis 
Glass fibres that were removed from the composite during the measurement of the glass 
fibre content (Section 3.5.2) were used to measure the average fibre length after 
processing. Prior to fibre length measurement the fibres were placed on a microscope 
slide and dispersed with petroleum oil. They were examined with a Carl Zeiss 
microscope, and a photograph taken of a magnified area showing good dispersion. A 
photograph of a vernier scale was taken using the same magnification for calibration 
purposes. The fibre length was measured on aCari Zeiss 4363 fibre length analyser, using 
the photograph. To prevent measuring the fibre twice, a hole punch was used to mark the 
measured fibre. 
The machine did not give an actual measurement, rather an arbitrary unit which was 
converted to a length interval measurement using the vernier scale photograph. Therefore 
a distribution of the fibre length was given. 
To establish an average fibre length it was important to determine the number of fibres 
needed to be measured which would give an accurate representation. Therefore a 
composite was chosen, and the fibre length distribution was compared for every 50 fibres 
measured, up to 200 fibres. The results are shown in Figure 3.4 and indicate that with 50 
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fibres measured the average fibre length compares well to the distribution for 200 fibres. 
It was therefore decided that 100 fibres would be measured. 
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Figure 3.4 Fibre Length Distribution Comparison. 
3.5.4 Rheological Properties 
339 368 
It had been previously found that MFI analysis was difficult to perform for poly ami des, 
due to their low melt viscosity. Rheological analysis was therefore attempted on a 
'Davenport' capillary rheometer with more consistent results. Capillary rheometry consists 
of forcing a polymer material from a heated barrel through a capillary die of known size 
and shape. 
Molten polymer was extruded through a capillary die with a diameter of2.095 mm and 20 
mm length, under pressure, at a test temperature of 280°C for polyamide 66. The internal 
diameter of the barrel was 20 mm and the diameter of the piston 19 mm. Pellets of the 
composites samples were introduced into the barrel in stages, while packed in with a rod, 
and then allowed to soften for 5 minutes. The molten composite was then extruded 
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through the die at piston speeds of 6, 12, 31, 52, 106, and 275 mm/min. A pressure 
transducer was situated at the die and the extrusion pressure was recorded for each piston 
speed. This was carried out for all composites. 
From the pressure readings (M') and piston speed (mm/min), it was possible to calculate 
volumetric output (Q) and hence apparent shear rate (YWA), and also shear stress (tw). The 
equations used are detailed below, and from the data calculated, a shear flow curve was 
plotted to determine the rheological behaviour of the melt. 
(3.7) 
4Q 
YWA = 1tR3 (3.8) 
where ~p is the true pressure, R is the radius of the die, L is the length of the die, and Q 
is the volumetric output of the melt through the die after a unit of time. 
3.5.5 Moisture Analysis 
The water content of the composites was measured by Du Pont, Geneva on a Mettler DL-
18 Karl Fischer Titrator, following the ASTM D789 [201] standard. In this apparatus, 
samples are heated to vaporise water which is transported by nitrogen carrier gas to the 
titration cell. The moisture collected is then determined by Karl Fischer Reagent* titration 
based on the reduction of iodine by sulphur dioxide in the presence of water to form 
sulphur trioxide. 
12 + S02 + H20 -+ 2HI + S03 (3.9) 
End point detection for calculation of moisture content is made by instrumental 
electrochemical methods. Unlike the usual Karl Fischer Reagents that include iodine, the 
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coulometric technique electrically generates iodine with 10.71 coulombs of generating 
current corresponding to 1 mg of water in accordance with Faraday's Law: 
2I + 2e ~ I2 (3.10) 
• The Reagent used is Hydranal composite 5, a non-pyridine based titrant. 
3.5.6 Molecular Weight Analysis 
Molecular weight analysis was performed by Du Pont, USA, on a Waters, 150C GPC unit, 
run at 35°C with a refractive index analyser. The solvent system used was Hexafluoro-
isopropanol with 10mM sodium trifluoroacetate, and the column was a Shodex HFIP 80M. 
GPC has developed into one of the most useful methods for determining average 
molecular weights and molecular weight distributions in polymers. It is a form of liquid 
chromatography in which the molecules are separated according to their molecular size. It 
involves injecting the eluate (dissolved in the solvent system used) into a continuous flow 
of solvent passing through the column containing tightly packed microporous gel particles. 
Separation of the polymer molecules occurs by preferential penetration of the different 
sized molecules into the micropores. The small polymer molecules are able too pass 
through more easily compared to the larger polymer molecules. The separation of the 
various polymer molecules sizes is controlled by several factors including, column length, 
gel particle size and hence micropore size [197]. 
The most commonly used detectors are differential refractometers which measure 
continuously the difference between the refractive index of the eluate and that of the pure 
solvent. The responses from differential refractometers are proportional to the 
concentration of polymer in the eluate. 
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3.6 Characterisation of Injection Moulded Specimens 
The injection moulded materials were characterised using various testing procedures, 
which are detailed below. 
Evaluation o(Results 
After tests were completed, quantitative results were mathematically analysed, and two 
values reported (for example see Table 4.19). The first value is an estimate of the correct 
value for the analysis, which is usually the mean average. The second value (in brackets) 
indicated the amount of random error in the analysis, which is most frequently reported as 
standard deviation (c.£ Figure 3.5). It is popular because it has statistical significance 
whenever the results are normally distributed. Most analytical results exhibit normal 
(Gaussian) behaviour, following the characteristic bell-shaped curve. If the results are 
normally distributed, 68% of the values will differ from the mean by less than the standard 
deviation, and almost 100% will differ by less than three times the standard deviation. 
s = (2:(Xi -ai)!\ 
N -1 
Figure 3.5 Standard Deviation of a Sample Population. 
where Xi represents each of the individual results, a is the average of the results, and N is 
the number of results taken. 
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3.6.1 Flexural Testing 
The test specimens were in fact tensile bars which have the same dimensional ratio as 
flexural bars. Testing was carried out (to measure flexural strength and modulus) on a 
Lloyd Universal Testing Machine, L2000R, fitted with a three point bend jig, using the 
conditions in Table 3.16, confonning to ASTM D790 - 91 [28]. 
Table 3.16 Conditions Used for F1exural Testing. 
Cross Head Speed 5 mmlmin 
Load Cell 2.5KN 
Span Length 56.0 mm 
Specimen depth -3.5 mm 
Specimen width -12.8 mm 
Test System Three point loading system 
Conditioning Dry as moulded 
The mounting used on the jig had a 5 mm radius to ensure point contact with the test 
specimens. Approximately nine samples were tested at room temperature. Figure 3.6 
shows a typical trace for a filled composite. 
BON 
Flexural Modulus (E) ~/' 
7,·PGradient (m) 
~P 
30N 
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/ 
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Break (n) 
Figure 3.6 Flexural Load Versus Displacement Graph Showing the Values Detennined. 
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The flexural modulus (E) and the flexural strength (0) of the composite were calculated 
according to the following equations: 
3nl 
o = 2b'd (3.11) 
(3.12) 
where n is the maximum load (N), I is the span (mm), b is the sample thickness (mm), d is 
the sample width (mm), and m is the slope of the curve (N/mm). 
3.6.2 Tensile Testing 
Tensile testing was carried out by Du Pont, Geneva, on a Zwick, Torsiomatic 1465 Robot, 
with data collection and analysis performed on a personal computer. The IS0527-1 [202] 
standard was followed, and the same dumbbell shaped test bars that are produced for 
flexural testing were used. Approximately five specimen bars were tested per composite. 
To calculate tensile strength Om, modulus E" and percentage elongation E(%), the 
following equations were used: 
F 
° =-m A 
E = _0:..., _-_0 ..... 1
t 
E2 -El 
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where F is the maximum force concerned (N), A is the initial cross-sectional area of the 
bar (mm2), Lo is the gauge length of the bar (mm), and &0 is the increase in the bar length 
between gauge marks (mm). 
3.6.3 Impact Testing 
The instrumented falling weight impact (IFIWT) tests were carried out using a Type 5 
Rosand Precision machine fitted with appropriate jig for Charpy Impact testing. This 
system was equipped with a computer system to measure, store and display data for force-
deflection relationships throughout the impact test, thus calculations of energy could be 
performed. For the composites in Tables 3.10 and 3.11, the computer system was 
upgraded which had some influence on the impact properties. The test specimens were 
sharp notched Izod bars with notch root radius 0.25 mm. The samples were mounted on a 
two point jig of span length 40 mm. A Kistier transducer was positioned between the 
impactor head and the impact weight. On release, the impactor accelerated towards the 
sample, which was directly below, with the notch facing away. The impactor triggered an 
optic sensor which activated a transient recorder to begin data collection of the force 
signal with time. Approximately nine samples were tested, and for each peak force, peak 
deflection, peak energy and total energy, were measured as represented in Figure 3.7. This 
was done under the conditions detailed in Table 3.17. 
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Table 3.17 Conditioned Used for Impact Testing. 
Impact Mass 25 kg 
Impact Velocity 3.0 mls 
Drop Height 0.461 m 
Impactor Tip Length, 15.0 mm; diameter, 5.0 mm 
Specimen Length, 60 mm; width, 6 mm; 
Dimensions Depth, 12 mm; notch radius, 0.25 mm 
Sweep Time 5 ms 
Filter Frequency 2.5 kHz 
Force Range 0- 1,000 N 
Conditioning Dry as moulded 
Wet conditioned and unnotched bars were also tested, but the results have not been 
included. 
The peak force is related to the flexural strength of a composite and can be regarded as the 
force required to cause crack initiation. The peak energy is a measure of material 
toughness and is the energy required to initiate failure, while peak deflection indicates the 
flexibility of the material. 
( 
g ) \ ~ 
! I 
I Area = 
Peak Energy Area = Total Energy 
i 
1 
Peal< Deflection DeHeC110n tmm) 
Figure 3.7 Impact Graph Showing the Values Determined. 
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3.6.4 Thermal Properties 
3.6.4. I Differential Thermal Analysis 
Thermal analysis was carried out using a Du Pont Thermal Analyser 2000. Samples were 
taken from the mid-section of tensile bar specimens, to prevent any skin effects, which 
usually have different crystalline properties. Below are the most commonly used 
conditions, however there were some changes to determine the influence of different 
conditions. They are described in more detail in Table 3.lS. 
Table 3. IS Conditioned Used for Filled Composites in DTA Analysis. 
Sample weight 6-12 mg prepared avoiding skin parts. 
Temperature 20 to 2S0 °C 
Heating rate 10°C/min, heat to maximum and hold on for I minute 
Cooling ra!e I O°C/min, cool to 20°C 
From the traces the Tc was measured at the temperature at the intercept of the tangents on 
the high temperature side of the recrystallisation curve, Tm is the melting temperature, 
and XM, XC the percentage crystallinity. The melting point Tm, of the composites was 
obtained from the heating endotherm curve. The percentage crystallinity was calculated 
using the heat of crystallisation on melting, L1Ho and heat of recrystallisation on cooling, 
t-Hrc by comparing them with t-H for lOO wt% crystalline PA66 (205.2 J/g) [203] which is 
a theoretical value. The overall recrystallisation growth rate was defined as (Tc-Tp), 
where Tp is the peak recrystallisation temperature. Small values of (Tc-Tp) indicate a 
high crystallisation rate. 
For unfilled PA66 the percentage crystallisation was calculated by the following equation: 
t-Hc or t-H", 
XM or XC = t-H (3.16) 
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where XM and XC refer to the percentage crystallisation after melting and 
recrystallisation respectively. 
When there is also filler present, the MIc or Mire values need to be calculated for 100 wt% 
polymer: 
wt% polymer content MI, or MI" for 100 wt% polymer 
(3.17) 
Typical traces can be found in the result section. 
3.6.4.2 Thermal Gravimetric Analysis of Filled Composites 
The same method and equipment were used as stated in Section 3.3.9. 
3.6.5 Fire Properties 
The fire properties of the materials produced, were assessed using UL94 and oxygen 
index. 
3.6.5.1 UL94 Vertical Burning Test 
Tensile bars that were produced by injection moulding for mechanical property 
determination were used. These bars were cut to the required dimensions (1.6 
mmxI2.7mmxI27.0 mm), and then conditioned, i.e. 5 bars at 70±loC for 7 days and 5 
bars at 23±2°C, 50±5% relative humidity for 2 days. In accordance with the UL94 
standard (Underwriters Laboratories) [198], the cut tensile bars were clamped 300 mm, 
vertically above a layer of cotton wool. An ignited tirrel burner with a blue flame (see 
Figure 3.8), 19 mm in height was introduced directly under the specimen with a gap of 6.5 
mm for 10 seconds. This was immediately removed, and the burning specimen was timed 
until it extinguished. After extinction the burner was reintroduced for another 10 seconds, 
and again removed, and the burning material timed. If the individual burning time for 
each composite was less than 10 seconds, the total flame did not exceed 50 seconds, and 
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did not drip flaming material, then it was classified as VO. If the individual burning time 
for each composite was less than 30 seconds, the total flame did not exceed 250 seconds, 
and did not drip flaming material, then it was classified as VI. If the individual burning 
time for each composite was less than 30 seconds, the total flame did not exceed 250 
seconds, and did drip flaming material, this was classified as V2. 
19mm! t 10mm 
• 
51mm 
Figure 3.8 How Specimens are Tested Using UL94. 
3.6.5.2 Oxygen Index 
6mm 
300mm 
The tensile bars produced during injection moulding were cut to the specified dimensions 
(3mm, 6mm, 100mm). In accordance with BS2782, part 1, method 141, 1986 [199J, the 
bars were tested on a Stanton Redcroft or analyser. The oxygen/nitrogen mix was altered 
by adjusting two valves which control oxygen and nitrogen flow. In all cases the flow rate 
was maintained at 18 IImin. Prior to testing the specimens were conditioned at 23±2°C, 
50±5% relative humidity for at least 88 hours, in a humidity cabinet. The specimen was 
mounted within the glass chamber, and lighted using a butane burner as described in the 
Bri tish standard, every 5 seconds until it ignited. If the sample burnt for more than 180 
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seconds or more than 50 mm, the oxygen content was too rich. The oxygen concentration 
was steadily dropped until the above criteria were not met. When the oxygen index just 
permitted burning, for 180 seconds or 50 mm, this was defined as the limiting oxygen 
index. 
3.6.6 Fracture Analysis 
The fractured surfaces of the Izod specimens fractured during impact testing were 
analysed using a Cambridge Stereoscan scanning electron microscope. The samples were 
cut down to 1 cm in height, and mounted onto aluminium stubs with the untouched 
fractured surface facing outwards. The samples were then gold sputter coated, using an 
Edwards E12 evaporation unit, before being placed into the vacuum chamber of the 
microscope. An electron gun acceleration voltage of 10 to 20 kV was used, with a 
working distance of approximately 8 mm. Pictures were taken of the area of the whole 
crack surface, areas with any unusual topography, and areas of uniformity to show the 
norm. 
3.6.7 Dispersion Analysis 
Optical techniques to measure dispersion have proved inconclusive in providing firm 
evidence about filler dispersion in highly filled compounds. Polishing the sample prior to 
SEM analysis, gave results where it was difficult to distinguish filler from the matrix. 
Thus there were two techniques used, plasma etching and acid etching. The former is a 
modified technique normally used for looking at glass fibres in a polymer matrix. This is 
where the surface of a polished specimen is etched using a Ion Tech, ion beam etcher. 
Charged argon plasma was bombarded onto the surface of the specimen, which attacked 
the softer matrix more than the filler, thus leaving the latter protruding out of the matrix. 
For polishing, an Izod impact bar was sectioned along its width and depth. This was then 
placed smooth side down into a circular plastic holder with a removable base. An epoxy 
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resin (araldite MY750 and hardener HY951 in ratio 10:1 respectively) was mixed and 
poured into the holders, to the top. These were then placed into a vacuum oven, until most 
of the air pockets in the resin were removed, and then allowed to cure for a day at room 
temperature. The base was removed and the hardened resin containing the sample was 
pushed out. Initially the samples were polished with increasing grades of silicon carbide 
paper; these being 220, 400, 800, and 1200. Then using a rotary wheel, covered with a felt 
cloth, in conjunction with diamond paste a well polished surface with minimal scratching 
at a micron level was obtained. First 5 !-lm diamond paste was used for 15 minutes then 
finally a 1 /lm diamond paste for another 15 minutes. 
These polished samples were plasma etched for 15 minutes, and were then prepared for 
SEM analysis, as described in Section 3.6.7. 
The second etching technique used 1 molar Hel to dissolve out the magnesium hydroxide. 
The samples were mounted and polished as described above, then placed in the acid for 12 
hours. They were then washed in water and dried for 12 hours in a vacuum oven, and 
finally prepared for SEM analysis. 
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CHAPTER 4 
RESULTS 
RESULTS 
The use of various production routes for magnesium hydroxide, leads to the products 
having differing particle sizes, specific surface area, and shape (see Section 2.1.2). The 
fillers used were fully characterised in terms of their morphology, thermal properties and 
coating content. The results of this characterisation can be seen below. 
4.1.1 Particle Size and Particle Size Distribution 
Table 4.1. shows the particle size for magnesium hydroxide found at 50 % of the total 
volume (d50), measured after the filler was de-agglomerated for 5 minutes using a 
ultrasonic bath. Results were also taken for samples at 2 and 15 minutes under 
ultrasonics, to show the affect of agglomeration, and can be found in Appendix B. The 
particle size distributions for all the magnesium hydroxide fillers have been superimposed, 
and can be found in Figure 4.1. 
Table 4.1 D50 Particle Size of the Uncoated Magnesium Hydroxide Fillers. 
Filler Code Particle Size (d50) 
DP 0.86 ~m 
TU 0.97 ~m 
KA 0.99 ~m 
FL 1.61~m 
H5 2.04 ~m 
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Table 4.2 The BET Specific Surface Area of the Magnesium Hydroxide Fi ll ers. 
Filler Code BET Specific Surface Area 
DP 12.94 m' /g 
KA 8. 10 m2/g 
FL 5.6 1 1~2/g 
TU 4.20 m' /g 
H5 3.80 m2/g 
4.1.3 Scanning Transmission E lectron Microscopy (STEM) 
In addition to particle size, the panicle shape contributes to the surface area of the powder. 
The structure can be seen using scanning transmission electron microscopy (STEM). 
Describing panicle shape is very difficult due to the filler being genera ll y composed of 
inhomogeneous panicles of differing shape and sizes. Using STEM the panicl es wi ll be 
described by direct observation. 
Figure 4.2 STEM Micrograph ofDP Filler (x30k). 
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Figure 4.3 STEM Micrograph ofFL Fi ller (x30k). 
Figure 4.4 STEM Micrograph of Side View of FL Filler (x30k). 
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Figure 4.5 STEM Micrograph ofKA Filler (x30k). 
Figure 4.6 STEM Micrograph ofTU Filler (x30k). 
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Figure 4.7 STEM Micrograph ofHS Fill er (x30k). 
4.1.4 Packing Properties 
Oil absorption gives an indication of the packing properties of the fi ll ers within a polymer 
melt, while bulk dens ity indicates the ability of the filler to pack when dry. The oil 
absorption pastes consist of di spersed fi ll er particles, each havi ng a layer of oil on its 
surface together with suffic ient oi l to fill the space between the particles. There are two 
influences that control tbe oil absorption results [226]. 
I) The effective particle density of the agglomerates in the oi l absorption paste which 
depends on: 
i) the work done on the paste, 
i i) the strength of the aggregates, 
iii) the filler particle shape, size and size di stribution, 
iv) the oil used, influencing the interfacial free energy between fi ll er particle 
surface and oil. 
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2) The wettability of the filler agglomerates by the oil. Usually the filler is wetted by the 
oil completely. However the wettability may not be complete if: 
i) the test is completed very quickly, 
ii) the viscosity of the oil is too high. 
Table 4.3 contains the packing properties of the fillers, which are in descending order 
relating to surface area. It indicates that with increasing surface area, oil absorption 
increases, and bulk density decreases. 
To examine the influence of coating level on the packing properties, Figures 4.8 and 4.9 
show graphs for oil absorption and bulk density, of DP and H5 fillers coated with stearic 
acid and AI 100 respectively. For oil absorption, stearic acid causes a drop in value, while 
AII00 appears to have very little influence. For bulk density stearic acid initially causes a 
drop in value, which then increases above 3 wt%. The A 1100 coating increases the bulk 
density value. Appendix C contains the data for which these graphs are produced. 
Table 4.3 The WetlDry Packing Properties of the Magnesium Hydroxide Fillers. 
Filler Code Surface Area (m2/g) Oil Absorption (ml/100g) Bulk Density (glml) 
DP 12.94 58.8 0.41 
KA 8.10 54.5 0.51 
FL 5.61 49.8 0.54 
TU 4.20 42.1 0.48 
H5 3.80 37.3 0.74 
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Figure 4.8 The Influence ofIncreasing Coating Levels on the Wet Packing Properties. 
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Figure 4.9 The Influence of Coating Levels on the Dry Packing Properties. 
4.1.5 Diffuse Reflectance Infrared Transmission 
The FTIR DRIFT technique was mainly used to measure the amount of stearic acid 
reacted at the surface of the magnesium hydroxide fillers. Because each sample analysed 
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would be different in packing and dispersion of the filler particles, a ratio was taken 
between the OH peak (3735 - 3625 cm· I ) of the filler and the CH peak (3000 - 2800 cm· I , 
see Figure 4. I 1) of the stearic acid, thus allowing the results to be compared. Figure 4.1 0 
is a graph of CH/OH ratio verses coating level, and Figure 4.11 shows a typical FTIR 
trace, that includes OH and CH peaks. It indicate that CH/OH ratio rises in a linear way 
with coating level. The FTIR DRIFT analysis data can be found in Appendix D. 
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Figure 4.10 The CH/OH Ratio Verses Coating Level of Stearic Acid on DP. 
4.1.6 Determination of Stearic Acid Level by Ashing 
The quantity of stearic acid present on and around the filler can be found by burning off 
the stearic acid. The method can be found in Section 3.3.7. Three determinations were 
carried out on each coated filler and the average value recorded. The target and average 
values can be found in Appendix E. All coating levels were within 0.1 wt% of the target 
amount. 
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4.1. 7 Thermal Properties of Fillers 
To measure the thermal stability of each filler type, both differential thermal analysis 
(OTA) and thermal gravimetric analysis (TGA) were utilised. 
4.1.7.1 Differential Thermal Analysis of Fillers 
DT A was used to measure the endothermic energy absorbance due to degradation of the 
filler, which is shown in Table 4.4. Except for the DP filler, all are approximately the 
same, however approximately 400 Jig below the theoretical [119]. Figure 4.12 shows a 
typical trace for a filler degrading. 
Table 4.4 The Endothermic Energy of Each Filler Type, Measured Using OT A. 
COOE Endotherm (Jig) 
OP 908 
KA 1085 
FL 1065 
TU 1096 
H5 1045 
4.1.7.2 Thermal Gravimetric Analysis of Fillers 
For each filler type TGA was used to indicate the onset of degradation temperature (Figure 
4.13), and the rate of filler degradation (Figure 4.14). The influence of the coatings AII00 
and stearic acid on the onset of degradation temperature and rate of filler degradation for 
OP were also studied, and can be found in Figure 4.15 and Figure 4.16 respectively. It 
appears that the filler types can be divided into two groups according to the temperature 
and rate they degrade. The DP and H5 fillers appeared to degrade at a higher temperature, 
and at a slower rate of degradation. There was some interesting results for the coated OP 
filler, indicating AIIOO increased the degradation temperature and decreased the rate of 
degradation, while stearic acid had the completely opposite effect. 
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4.2 Sample Preparation 
4.2.1 Compounding Characteristics 
To compound the material an MV MP30TC intermeshing co-rotating extruder was used, 
as stated in Section 3.4.2. A variety of variables were measured during processing and can 
be found in Tables 4.5 to 4.9. They include screw torque, which is quoted as a percentage, 
where 100% is the ideal output for the 7.5 kW motor. Pressure at the die was also 
measured, which was found to be a good indicator of the rheological properties, and if the 
throughput was kept constant. The columns headed IoOIE, 3 and 5 are the actual 
temperature at these positions along the barrel. Position 1 is the die, position 3 where the 
highest temperature was always reached, and position 5 where the filler was introduced 
into the barrel. See Figure 3.2 (Section 3.4.2), which is a diagram of the barrel and screw, 
plus the position of the vents, feeders and thermocouples. It should be noted that the 
temperature of the extrudate was measured externally using a probe thermocouple, and 
was found to be approximately 20°C higher than the internal thermocouple die 
temperature. The 'comments' column gives a brief description, such as particular 
processing problems. 'Temperature spiking' indicated that the barrel temperature was not 
constant, which usually meant torque and die pressure also varied. This was mainly due to 
difficulties in introducing the filler into the side of the barrel. 
The following results have been divided into five aspects (as described in Sections 1. 5 and 
3.4.1), so that comparisons can be made. Finally it should be noted that the torque 
readings for Tables 4.7 and 4.8 (except SA 3.0 to SA 6.0) are approximately 10 to 15% 
lower than expected. This was due to a re-calibration of the readout. However this does 
not influence the comparison of the results within the tables. 
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Table 4.5 The Influence of Matrix Type on Compounding. 
CODE TORQUE PRESSURE 1.DIE 3 5 COMMENT 
(%) (MPa) (0C) ("C) (OC) 
100U/0/0 70 1.08 260 268 265 Continuous strand. 
40UIDP60/0 70 - 80 1.79 274 305 264 Temp. spiking. 
Strands broke. 
Vac vent blockage. 
40UIFL6010 60 1.38 - 1.72 278 285 264 Temp. spiking. 
Few broken strands. 
Vac vent blockage. 
100/010 70 1.01 262 266 265 Continuous strand. 
40IDP60/0 75 - 80 1.65 - 1.72 275 300 268 Temp. spiking. 
Strands broke. 
No vac vent block. 
40IFL60/0 60 - 65 1.38 - 1.52 276 282 263 Temp. spiking. 
Few broken strands. 
No vac vent block. 
Table 4.6 The Influence of MatrixIFillerlFibre Ratio on Compounding. 
CODE TORQUE PRESS. I.DIE 3 5 COMMENT 
(%) (MPa) (C) (0C) (0C) 
80/0/20 60 1.17 265 268 264 Continuous strand. 
40IDP6010 75 - 80 2.34 - 2.41 275 300 268 Temp. spiking. 
Broken strands. 
40IDP5515 80 2.07 267 298 271 Some spiking. 
40IDP501l0 75 1.45 267 295 267 Little spiking. 
40IDP45/15 75 1.59 263 297 269 Continuous strand. 
40IDP40/20 70 -75 1.55 262 295 270 Continuous strand. 
44IDP45/11 75 1.45 265 287 267 Continuous strand. 
36IDP55/9 80 1.72 266 295 272 Temp. spiking. 
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Table 4.7 The Influence of Filler Content on Compounding. 
CODE TORQUE PRESS. l.DIE 3 5 COMl\1ENT 
(%) (MPa) CC) CC) CC) 
90IFLO/IO 25 0.76 259 270 272 Continuous strands. 
80IFLlOll0 30 0.69 259 273 274 Continuous strands. 
70IFL20/1O 35 0.69 262 272 276 Continuous strands. 
60IFL3 01 10 40 0.76 264 273 276 Continuous strands. 
50IFL40/1O 45 0.97 263 279 273 Continuous strands. 
40IFL50/1O 48 1.24 265 281 268 Continuous strands. 
30IFL60/10 50 - 55 1.38 - 2.48 271 290 268 Temperature spiking. 
Broken strands. 
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Table 4.8 The Influence of Filler and Coating Type on Compounding. 
CODE TORQ PRESS. 1.DIE 3 5 COMMENT 
(%) (MPa) CC) (OC) (0C) 
351FL50/15 40 - 50 1.72-2.07 265 285 279 Strands broke. 
351FL50115(AI 0.5) 50 1.52 265 287 278 Cont. strands. 
351FL50/15(AI 1.0) 45 - 50 1.86 266 287 269 Cont. strands. 
35/TU50/15 45 1.10 264 289 274 Cont. strands. 
35/TU50/15 (AI 0.5) 50 - 55 1.59 265 287 275 Cont. strands. 
351TU50115 (AI 1.0) 55 1.59 266 293 274 Cont. strands. 
351KA50/15 55 - 60 1.65-1.72 264 289 268 Cont. strands. 
351KA50/15 (AI 0.5) 55 1.86-2.00 264 292 269 Cont. strands. 
35IDP50115 60 - 65 1.24-1.72 258 292 269 Strands broke. 
35IDP50/15 (AI 3.0) 65 2.48-2.76 261 297 270 Cont. strands. 
351H550115 50 - 55 1.03-1.31 260 281 271 Cont. strands. 
351H550115 (AI 0.5) 50 - 55 1.31-1.38 261 284 273 Cont. strands. 
351H550115 (AI 1.0) 55 1.24-1.45 267 284 277 Cont. strands. 
351H550/15 (AI 1.5) 50 1.31-1.52 260 289 277 Cont. strands. 
351H550/15 (SA1.25) 40 - 45 1.03-1.10 264 283 264 Cont. strands. 
40UIDP6010 (SA 3.0) - - - - - Feed. vent block. 
40UIDP60/0 (SA 4.5) - - - - - Feed. vent block. 
Strands drew and 
40UIDP6010 (SA 6.0) 70 1.38 268 276 255 broke. 
Vac vent block. 
Appendix N contains photos of typical pellets produced after compounding. It is possible 
to see the difference in colour of the pellets, due to the influence of the coatings used. 
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4.3 Characterisation of Compounded Material 
The pelletised extrudate was immediately dried and subsequently characterised. The 
magnesium hydroxide filler content, fibre content and volume content were calculated. 
The fibre length and matrix molecular weight were measured to investigate the influence 
of compounding, which subsequently may have affected mechanical and fire properties. 
4.3.1 Final Filler and Fibre Content 
The final filler/fibre weight content and filler/fibre volume content for all the composites 
can be found in Tables 4.9 to 4.13. The density ofPA66, magnesium hydroxide, and E-
type glass fibre is 1.14 glml [227], 2.38 glml [33] and 2.54 glml [182] respectively. 
Generally the filler contents were within 2.0 wt%, while fibre contents were within 1.0 
wt%. The few composites that were not within these limits tended to have high, 60 wt% 
filler loadings without any coating. At such high filler loadings compounding the 
composites was difficult. 
Table 4.9 The Weight and Volume Content ofthe Matrix Type Composites. 
CODE Weight Content (wt%) Volume Content (%) 
Filler Fibre Filler + Fibre Filler Fibre Matrix 
100U/0/O - - - - - 100.0 
40UIDP60/0 58.5 - 58.5 40.3 - 59.7 
40UIFL60/0 58.5 - 58.5 40.3 - 59.7 
100/010 - - - - - 100.0 
401DP60/0 58.5 - 58.5 40.3 - 59.7 
401FL60/0 60.0 - 60.0 41.8 - 58.2 
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Table 4.10 The Weight and Volume Content of the MatrixlFillerlFibre Ratio Composites. 
CODE Weight Content (wt%) Volume Content (%) 
Filler Fibre Filler+Fibre Filler Fibre Matrix 
8010120 - 19.9 19.9 0.0 10.0 90.0 
40IDP60/0 60.0 - 60.0 41.8 0.0 58.2 
40IDP5515 55.8 5.6 61.4 39.4 3.7 56.9 
40IDP50/1O 49.0 10.9 59.9 34.3 7.1 58.6 
40IDP45115 47.0 14.8 61.8 33.4 9.9 56.7 
40IDP40/20 44.4 19.9 64.3 32.3 13.6 54.2 
44IDP45111 43.8 12.0 55.8 29.7 7.6 62.6 
36IDP5519 54.8 9.6 64.4 39.7 6.5 53.8 
Table 4.11 The Weight and Volume Content of the Filler Content Composites. 
CODE Weight Content (wt%) Volume Content (%) 
Filler Fibre Filler+ Fibre Filler Fibre Matrix 
901FL0IIO - 10.1 10.1 - 4.8 95.2 
801FL10110 10.7 10.4 21.1 5.8 5.3 89.0 
70IFL20/10 19.8 10.4 30.2 11.3 5.6 83.1 
601FL30110 29.0 10.7 39.7 17.6 6.1 76.3 
50IFL40/1O 40.7 10.4 51.1 26.7 6.4 66.9 
401FL50110 49.6 11.0 60.6 34.9 7.3 57.9 
3 01FL6011 0 55.6 10.7 66.3 40.9 7.4 51.7 
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Table 4.12 The Weight and Volume Content of the Filler and Coating Type Composites. 
CODE Weight Content (wt%) Volume Content (%) 
Filler Fibre Filler+Fibre Filler Fibre Matrix 
35/FL501l5 49.9 14.4 64.3 36.2 9.8 54.0 
351FL501lS(AI O.S) 49.7 14.7 64.4 36.1 10.0 53.9 
35/FL50/15(Al 1.0) SO.3 14.S 64.8 36.6 9.9 53.5 
35lKASOllS 49.1 IS.3 64.4 3S.6 10.4 S4.0 
3SIKA50/1S(AI0.S) S1.3 14.S 65.8 37.6 10.0 52.4 
35lTUSOllS S2.0 IS.8 67.8 38.8 11.0 SO.2 
3S/TUSO/IS (AI 0.5) SI.1 IS.4 66.S 37.7 10.7 SI.6 
3S/TUSOllS (AI 1.0) SO.9 IS.2 66.1 37.4 10.S S2.1 
3S/DPSOIlS SO.2 14.7 64.9 36.6 10.0 S3.4 
351DP50/15(AI 3.0) 48.3 15.3 63.6 34.8 10.3 54.8 
35/H5501l5 49.9 14.8 64.7 36.3 10.1 53.6 
35/H550/15(Al 0.5) 51.4 14.3 65.7 37.7 9.8 52.5 
35/H5501l5(AI 1.0) 50.1 15.0 65.1 36.6 10.3 53.2 
35/H5S0/15(Al 1.5) 49.9 14.5 64.4 36.2 9.9 53.9 
35/H5S0/15(SA1.25) 48.0 16.0 64.0 34.7 10.9 S4.4 
4.3.2 Molecular Weight Analysis 
Molecular weight distribution results obtained from gel permeation chromatography, were 
acquired for the majority of the composites. The extrudate pellets produced during 
compounding were analysed, and the results can be found in Tables 4.13 to 4.15. 
116 
RESULTS 
Table 4.13 The Influence of Matrix Type on Molecular Weight Distribution. 
CODE Weight-Average (Mw) Number-Average (Mn) MwlMn 
100/0/0 STD. 35100 16900 2.07 
100U/0/0 31700 11410 2.78 
40UIDP60/0 29500 3010 9.81 
100/0/0 31100 11240 2.51 
401DP60/0 34100 3300 10.35 
40IFL60/0 25400 3860 6.57 
With the addition of the filler there was a large drop in the molecular weight number 
average, which gave a subsequent increase in the molecular weight distribution. There 
also appeared to be .a large decrease in the molecular weight average for composites 
containing 40IFL60/0 compared with 401DP60/0. The 100/010 STD was unprocessed 
unfilled PA66, which was used as a comparison to show the influence of compounding. 
Comparing matrix type, there appeared to be little difference between unlubricated and 
lubricated, unfilled and filled composites. 
Table 4.14 The Influence of Filler Content on Molecular Weight Distribution. 
CODE Weight-Average (Mw) Number-Average (Mn) MwlMn 
901FLO/10 30200 5420 5.57 
701FL20/lO 24200 5160 4.69 
501FL40/lO 20200 5060 3.99 
30IFL60/lO 21000 5460 3.84 
For the FL filled composites with increasing filler content there was a drop in both Mw 
and Mn except for 30IFL60/1O. The molecular weight distribution appeared to continually 
decrease with increasing filler content. 
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Table 4.15 The Influence of Filler and Coating Type on Molecular Weight Distribution. 
CODE Weight-Average (Mw) Number-Average (Mn) MwlMn 
35fFL50/15 22900 5780 397 
35fFL50115(Al1.0) 26200 4650 5.64 
35IDP50/15 24300 5430 4.48 
35IDP50115(A13.0) 29600 3310 8.93 
351H550115 24700 5710 4.32 
351H550115(Al 1.0) 27800 5410 5.14 
When comparing the influence of different filler morphologies, FL had the lowest Mw, 
and a high Mn. With AII00 coating, it had a higher Mw, although the Mn decreased. The 
same trend can be seen when comparing uncoated and coated composites containing DP 
and H5. MwlMn distribution was also higher for coated composites. 
4.3.3 Fibre Length Analysis 
The glass fibre that remained from fibre content analysis were used for fibre length 
analysis. For each composite 100 fibres were measured to obtain a mean fibre length 
average and to show fibre length distribution. Tables 4.16 to 4.18 contains the fibre length 
average, while Figures 4.17 to 4.20 contains plots comparing fibre length distributions. 
The fibre length data can be found in appendix F. 
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Table 4.16 The Influence ofMatrixIFillerlFibre Ratio on the Average Fibre Length. 
CODE Fibre Length Average (/-lm) 
UNPROCESSED HG50HSL 382 
80/0/20 190 
401DP55/5 120 
401DP50/10 139 
401DP45/15 176 
40IDP40120 200 
441DP45/11 186 
361DP55/9 123 
Table 4.16 indicates that compounding had virtually halved the average fibre length, when 
compared to the unprocessed polymer/fibre (50 wt% glass fibre content) glass pellets used. 
Increasing filler/fibre ratio reduced the average fibre length, while for constant 
matrix/fibre ratio increasing filler content also decreased average fibre length. 
Table 4.17 The Influence of Filler Content on Average Fibre Length. 
CODE Fibre Length Average (/-lm) 
90IFLOII0 229 
701FL2011O 205 
501FL40/1O 167 
30IFL601l0 146 
With increasing filler content the average fibre length appeared to decrease, with a 
difference of approximately 80 microns between 0 wt% and 60 wt% FL filled composite. 
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Table 4.18 The Influence of Filler and Coating Type on Average Fibre Length. 
CODE Fibre Length Average ().lm) 
35IFL50/15 147 
351KA501l5 139 
35ITU50/15 140 
35IDP50/15 128 
351DP50/15(A1 3.0) 134 
351H550/15 162 
35/H550/15(A1 1.5) 154 
351H550/15(SA1.25) 186 
Comparing the influence of filler type, for 35/FLSO/1S, 3SlKA50llS and 3SITUSO/1S the 
average fibre lengths were very similar. For 3SIDPS0l1S and 35IHSSO/1S were close to the 
above composites but compared to each other there was a difference of 34 microns. For 
the coated composites the All 00 coating appeared to have very little affect, while for the 
3SIHSSO/1S composites the stearic acid had a longer average fibre length of24 microns. 
18 --------.--- .-----.. -... -----.. --.. -- .... -. --.----------.. --.----.-----.--.---- --I 
16 
14 
4 
2 
0 
0 
: 
~ 
~ 
. 
. 
. 
. 
: 
~ 
~ 
: 
~ 
~ 
s 
, 
~. 
1li :1i M N ;:; ;; ~ 1:1 N N 
' .... 
" 
" 
-.. 
=: ~ ~ ~ M ~ ~ 
M M M M 
F1m. Length (wn) 
- •• ·80/0120 
-90/0/10 
- . . UNCOMPOUNDED HG50HSL 
" '-
._0. _0 
~ ~ 
N ~ 
~ ~ 
_ 0 
~ $ 
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Figure 4.17 shows the influence of compounding on glass fibre filled polyamide when 
compared to unprocessed glass fibre (50 wt% content) filled pellets. Compounding 
caused the distribution to become more narrower, while shifting it to a lower fibre length 
with increasing fibre content. 
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Comparing the influence of increasing filler/fibre ratio (Figure 4.18) it appeared that the 
distribution was approximately the same, except for 401DP55/5 which was narrower. All 
distributions shifted to lower fibre lengths with increasing filler/fibre ratio. 
With increasing filler content (Figure 4.19) there appeared to be a decrease in fibre length 
distribution. The distribution also shifted towards lower fibre length. 
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4.3.4 Cal)i llary Rheometry 
Figure 4.22 LO 4.26 show the re ul or the rheological analysi . where the co loured line 
arc in linear regres ion form. The re UI LS appeared to matched the trends observed dllling 
processing. All rlleo logical raw Jata can he I"ound in Appendix G. 
Figure 4.22 show that the IUbJicateu mallix appear to cause a Illall drop in shear force 
compared to the unlubricated Illallix. Figure 4.23. indicates that with increasing /iller 
content there i a increa in hear force. hence a expected visco ity. When increasing the 
ti llerltibrc raLi o (Figw'e 4.24) there is a ub equent increa e in hear force. \: hen 
cOlllpming the different tiller morpholog ic (Figure 4.25) it wa apparent that the high 
surface area magnesium hyur xide cause the highe t hear forces. It was imere ting to 
note that 1"01' H5 and TU the shear force increase was at a higher rate than the other Iillcrs. 
III I·acl. a\ \hc highest shcar rate mca med, the [-[5 liller has overtaken KA and FL. Witll 
increa ing A 11 00 coating (Figure 4.26) there is a subsequent increa. e in shear forcc. 
However with the stcm'ic acid coated H5 the opposite occurs. with a drop in shear force . 
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4.4 Characterisation of Injection Moulded Specimens 
The mechanical properties were measured using the techniques in Sections 3.6.1 to 3.6.3 
following the stated standards. Some of the injection moulded composites were examined 
using differential thennal analysis to investigate the effects on crystallinity, melt 
temperature, and recrystallisation. A combination of thennal gravimetric analysis and 
fourier transfonn infrared were used to investigate the influence of filler and coating on 
the degradation of the composite. 
4.4.1 Moisture Analysis 
Appendix H contains the moisture analysis data for the pellets prior to injection moulding. 
All but a few of the composites were below 0.2 wt% of water present and none were 
above 0.3 wt%. 
4.4.2 Flexural Properties 
Tables 4.19 to 4.22 contain the average flexural properties measured. The standard 
deviation is given in brackets. The individual results for the composites can be found in 
Appendix I. 
Table 4.19 The Influence Matrix Type on Flexural Properties. 
CODE Flexural Strength Flexural Modulus Deflection at Break 
(MPa) (GPa) (mm) 
100u/0/0 102.0 (3.5) 2.8 (0.1) 8.65 (0.3)* 
40UIDP60/0 65.4 (7.7) 8.0 (0.2) 1.20 (0.1) 
40UIFL60/0 81.3 (3.3) 10.5 (0.3) 1.24 (0.1) 
100/0/0 94.4 (4.8) 2.2 (0.1) 9.63 (0.2)* 
401DP60/0 67.0 (4.4) 7.9 (0.2) 1.33 (0.1) 
401FL60/0 82.0 (8.2) 8.8 (0.2) 1.53 (0.1) 
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The lubricant appeared to have very little influence on flexural strength, however it does 
appear to decrease the flexural modulus, and increase the deflection at break. It should be 
noted the results with an asterix next to them are yield results because they did not break. 
Both 401FL60/0 and 40UIDP60/0 had fairly high standard deviation for flexural strength 
indicating a scattering of results. 
Table 4.20 The Influence ofMatrixlFillertFibre Ratio on Flexural Properties. 
CODE Flexural Strength Flexural Modulus Deflection at Break 
(Mpa) (GPa) (mm) 
80/0/20 184.4 (1.3) 4.2 (0.1) 13.04 (0.3) 
40IDP60/0 67.0 (4.4) 7.9 (0.2) 1.33 (0.1) 
40IDPS5/S 70.0 (7.1) 9.6 (0.2) 1.24 (0.1) 
40IDPSOll0 77.3 (S.6) 9.4 (O.S) 1.36 (0.1) 
40IDP45/15 95.7 (6.0) 10.7 (0.2) 1.51 (0.1) 
40IDP40/Z0 I1S.2 (S.7) 11.1 (0.2) 1.73 (0.1) 
44IDP45/11 100.3 (7.4) 8.8 (0.2) 2.00 (0.1) 
36IDP55/9 62.7 (4.4) 11.1 (0.6) 0.99 (0.1) 
Increasing the fillerlfibre ratio decreased flexural strength, deflection at break and flexural 
modulus. Increasing the filler content at constant matrix/fibre ratio decreased flexural 
strength and deflection at break, and increased flexura1 modulus. 
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Table 4.21 The Influence of Filler Content on Flexural Properties. 
CODE Flexural Strength Flexural Modulus Deflection at Break 
(MPa) (GPa) (mm) 
901FL0/1O 127.2 (2.2) 3.7(0.1) 7.0 (0.4) 
80IFLI0/10 142.9 (3.7) 4.3 (0.2) 7.5 (0.9) 
701FL20/1O 139.0 (4.9) 5.5 (0.1) 4.9 (0.3) 
601FL301l0 127.3 (12.7) 6.7 (0.1) 3.4 (0.4) 
501FL401l0 89.8 (5.5) 8.8 (0.2) 1.7(0.1) 
401FL50/1O 94.5 (8.0) 11.1 (0.5) 1.4 (0.1) 
30IFL60/10 97.6 (7.0) 13.3 (0.2) 1.4 (0.2) 
With increasing filler content the stiffness increased, and the deflection at break 
decreased. The latter is seen more effectively in Figure 4.27 showing a ductilelbrittle 
transition. 
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Figure 4.27 The Influence of Filler Content on Deflection at Break. 
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When comparing the flexural strength for differing uncoated filler morphologies (Table 
4.22), it was noted that all have similar results, except for DP which was approximately 40 
MPa lower. When comparing flexural modulus both KA and FL appeared to have much 
higher values than the other filler morphologies. For the coated filled composites, 
increasing the AllOO improved the flexural strength (as seen in Figure 4.28) and 
deflection at break, while stearic acid decreased the flexural strength. 
Table 4.22 The Influence of Filler and Coating Type on Flexural Properties. 
CODE Flexural Strength Flexural Modulus Deflection at Break 
(MPa) (GPa) (mm) 
3SIFLSO/1S 118.7 (7.8) 12.6 (0.4) 1.6 (0.1) 
3SIFLSOIIS(A1 1.0) 139.5 (9.2) 13.0 (0.3) 2.0 (0.2) 
35lKASO/1S 122.3 (6.3) 13.2 (0.2) 1.7 (0.2) 
3SIKASOIIS(AI O.S) 135.7 (lO.S) 13.6 (0.2) 1.8 (0.2) 
3SITUSO/1S 118.1 (6.9) II.S (0.2) 1.7 (0.1) 
3SITUS0/1S (AI O.S) 140.0 (S.O) 11.7 (0.1) 2.1 (0.1) 
3SITUSOlIS (AI 1.0) 148.S (S.8) 11.7 (0.2) 2.3(0.1) 
3SIDP50/1S 8S.8 (S.7) 11.3 (0.2) 1.3(0.1) 
3SIDPSO/lS(Al 3.0) 104.2 (9.0) 9.6 (0.5) 2.0 (0.2) 
35/H550/15 118.1 (10.0) 10.9 (0.3) 1.8 (0.2) 
35/H550/15(Al 0.5) 135.1 (6.6) 10.8 (0.2) 2.2 (0.1) 
35/HS50/1S(A1 1.0) 142.1 (8.5) 10.8 (0.1) 2.4 (0.2) 
35/H550/15(A1 1.5) 148.3 (9.9) 10.7 (0.5) 2.6 (0.2) 
351H550/15(SA1.25) 102.7 (4.1) 8.6 (0.3) 2.5 (0.1) 
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4.4.3 Tensile Properties 
Tables 4.23 to 4.25 give the average tensile properties for the various composites. 
Table 4.23 The Influence of MatrixIFiIIerlFibre Ratio on Tensile Properties. 
CODE Tensile Strength Tensile Modulus Extension at Break 
(MPa) (GPa) (%) 
SOl0/20 112.1 (3.9) 6.0 (0.1) 3.7 (0.69) 
40IDP6010 SO.9 (S.3) 9.0 (0.1) O.S (O.OS) 
40IDPSS/S 52.0 (10.3) 9.0 (1.2) 0.5 (0.12) 
40IDPSO/lO 69.1 (3.S) 9.9 (0.3) 0.7 (O.OS) 
40IDP4S/1S 72.0 (7.0) 11.1(1.1) 0.7 (O.lS) 
40IDP40/20 91.0 (3.9) 11.6(0.1) 0.9 (0.04) 
44IDP4S/11 81.6 (1.6) 9.6 (0.2) 0.9 (0.08) 
36IDPS519 4S.2 (12.1) 9.9 (O.S) O.S (0.21) 
Increasing the filler/fibre ratio appeared to decrease all tensile properties. Increasing the 
filler content at constant matrix/fibre ratio decreased tensile strength and extension at 
break, while tensile modulus increased. 
Table 4.24 The Influence ofFiIIer Content on Tensile Properties. 
CODE Tensile Strength Tensile Modulus Extension at Break 
(MPa) (GPa) (%) 
901FL0/1O 93.6 (0.4) 4.S (0.2) 2.8 (0.12) 
SOIFLlO/IO 88.2 (5.9) 5.3 (0.1) 2.2 (O.lS) 
701FL20/l0 84.0 (2.8) 6.3 (0.1) 1.7 (0.06) 
601FL30/10 S6.6 (3.4) 7.9 (0.2) 1.3 (0.10) 
501FL40/l0 74.9 (3.4) 9.S (0.1) O.S (0.06) 
40IFL50/10 66.S (S.l) 12.3 (0.2) O.S (0.06) 
30IFL60/10 SO.2 (7.8) 12.4 (0.3) 0.4 (0.10) 
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As was found for flexural properties, increasing the filler content increased the stiffuess, 
and decreased extension at break. The tensile strength also decreased. 
Table 4.25 The Influence of FiIIer and Coating Type on Tensile Properties. 
CODE Tensile Strength Tensile Modulus Extension at Break 
(MPa) (GPa) (%) 
351FL50/15 91.9 (6.6) 12.3 (0.2) 0.6 (0.11) 
351FL50115(A1 0.5) 94.9 (6.5) 12.9 (0.2) 0.7 (0.12) 
351FL50/15(A1 1.0) 1065 (4.9) 13.9 (0.2) 0.8 (0.06) 
351KA50115 94.9 (4.1) 12.5(0.1) 0.7 (0.05) 
351KA50/15(A1 05) 91.4 (0.3) 12.9 (0.6) 0.7 (0.06) 
351TUSO/15 89.6 (1.9) 10.6 (0.1) 0.9 (0.11) 
35ITUSO/15 (AI 0.5) 102.2 (5.0) 10.3 (0.4) 1.3 (0.13) 
351TU50/15 (AI 1.0) 103.8 (3.5) 11.4 (0.1) 1.0 (0.11) 
35IDP50/15 66.5 (2.8) 10.9 (0.9) 0.5 (0.06) 
351DP50/15(A1 3.0) 74.7 (2.6) 11.1 (0.4) 0.7 (0.06) 
351H550/15 84.3 (3.0) 11.5 (0.1) 0.7 (0.06) 
351H550/15(Al 0.5) 98.0 (5.8) 11.4 (0.3) 1.0 (0.05) 
351H550115(A1 1.0) 107.7 (5.5) 11.6 (0.1) 1.2 (0.17) 
351H550/15(A1 1.5) 112.1 (2.2) 11.6 (0.2) 1.3 (0.15) 
351H550115(SA1.25) 66.9 (2.3) 6.1 (0.1) 1.3 (0.10) 
All results can be found in Appendix J. 
4.4.4 Impact Properties 
The following properties were measured during falling weight impact testing: peak force, 
peak energy, total energy and peak deflection. The standard deviations are given in 
brackets. It should be noted that Tables 4.26 and 4.28 were produced using a different 
machine from the remaining results, due to upgrading (Section 3.4.3). This upgrading had 
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some effect on the results, basically increasing all the properties because of an increased 
scan frequency. However for comparison of results within the tables it had no influence. 
The individual results for all of the composites can be found in Appendix K. 
Table 4.26 The Influence of Matrix Type on Impact Properties. 
CODE Peak Force Peak Energy Total Energy Peak Deflection 
(N) (mJ) (mJ) (mm) 
100U/OIO 394 (12) 163 (11) 375 (20) 1.15 (0.05) 
40UIDP6010 236 (21) 57 (8) 151 (14) 0.51 (0.06) 
40U/FL6010 247 (24) 55 (7) 155 (12) 0.56 (0.04) 
10010/0 371 (12) 145 (10) 314 (26) 1.12 (0.03) 
40IDP6010 224 (17) 49 (6) 143 (11) 0.43 (0.06) 
40/FL6010 278 (26) 64 (7) 186(17) 0.44 (0.01) 
An examination of the influence of lubricant (Table 4.26) on the filled composites and 
unfilled P A66 show no apparent trend. 
Table 4.27 The Influence of MatrixiFilIer/Fibre Ratio on Impact Properties. 
CODE Peak Force Peak Energy Total Energy Peak Deflection 
(N) (mJ) (mJ) (mm) 
SOl0/20 660 (5S) 239 (17) 514 (4S) 0.89 (0.03) 
40IDP6010 224 (17) 49 (6) 143 (11) 0.43 (0.06) 
40IDP55/5 247 (21) 57 (S) 174(14) 0.51 (0.04) 
40IDP50/1O 317 (13) 73 (S) 219 (10) 0.53 (0.01) 
40IDP45/15 369 (11) 89 (10) 250 (8) 0.56 (0.05) 
40IDP40/20 461 (19) 115 (10) 442 (S2) 0.56 (0.05) 
44IDP45/11 333 (IS) 83 (7) 226 (10) 0.55 (0.04) 
36IDP5519 272 (10) 65 (6) 191 (6) 0.53 (0.01) 
The 8010/20 (Table 4.27) composite show the reinforcing influence of glass fibre alone in 
polyamide. Increasing the fillerlfibre ratio had a detrimental effect on all properties. At 
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constant matrix lfibre ratio, increasing the filler content again had a detrimental effect on 
all properties. 
Table 4.28 The Influence of Filler Content on Impact Properties. 
CODE Peak Force Peak Energy Total Energy Peak Deflection 
(N) (mJ) (mJ) (mm) 
90IFLO/I0 418 (18) 138 (13) 342 (12) 0.75 (0.04) 
80IFLlO/I0 424 (28) 134 (14) 336 (27) 0.71 (0.03) 
70IFL20/10 355 (16) 101 (11) 288 (16) 0.62 (0.03) 
60IFL30/10 313 (19) 80 (9) 265 (13) 0.58 (0.02) 
50IFL40/10 299 (7) 66 (6) 235 (21) 0.46 (0.03) 
40IFL50/10 3QO (8) 72 (7) 216 (12) 0.46 (0.03) 
30IFL60/1O 318 (14) 76 (11) 210 (13) 0.49 (0.04) 
An increasing filler content resulted in a decrease in all impact properties. Figure 4.29 
shows the ductilelbrittle transition seen previously for flexural properties. It was 
interesting to note that standard deviation did not differ much when filler content was 
increased. 
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Figure 4.29 The Influence of Filler Content on Peak Energy. 
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Because some of the composites were tested on different occasions, it appeared to make a 
comparison of the composites very difficult. A large difference in the peak deflection 
between the two sets of composites occurred (Table 4.29a and Table 4.29b), and 
subsequently influenced the impact energy results. This however, does not effect the 
investigation because DP was the only filled composite missing from Table 4.29a, and can 
be found in table 4.29b, where it can be compared to two other filled composites. 
Table 4.29a The Influence of Filler and Coating Type on Impact Properties-Group One. 
CODE Peak Force Peak Energy Total Energy Peak Deflection 
(N) (ml) (ml) (mm) 
351FL50115 699 (38) 193 (7) 385 (11) 0.73 (0.03) 
351FL50115(Al 0.5) 720 (45) 193 (10) 401 (15) 0.75 (0.03) 
35/KA50/15 668 (36) 172 (9) 368 (14) 0.67 (0.02) 
35/KA50/15(A1 0.5) 754 (26) 195 (8) 416 (10) 0.70 (0.02) 
35/TUSOl15 658 (18) 189 (10) 372 (7) 0.70 (0.01) 
351TU50/15 (AI 0.5) 746 (15) 208 (8) 412 (8) 0.70 (0.02) 
35/TU50115 (AI 1.0) 753 (20) 220 (9) 438 (12) 0.74 (0.02) 
351H550/15 632 (24) 171 (8) 341(10) 0.71 (0.02) 
35fH550115(SA1.25) 673 (16) 212 (8) 400 (11) 0.84 (0.03) 
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Table 4.29b The Influence of Filler and Coating Type on Impact Properties-Group Two. 
CODE Peak Force Peak Energy Total Energy Peak Deflection 
(N) (mJ) (mJ) (mm) 
351FL50/15 742 (13) 141 (6) 346 (6) 0.46 (0.07) 
35/FL50/15(Al 1.0) 814(36) 156 (6) 376 (11) 0.50 (0.03) 
351DP50/15 556 (31) 106 (8) 248 (10) 0.45 (0.02) 
351DP50/15(AI 3.0) 651 (23) 126 (7) 302 (13) 0.44 (0.03) 
351H550/15 659(21) 127 (5) 310 (11) 0.45 (0.01) 
35/H550/15(Al 0.5) 709 (10) 135 (3) 331 (5) 0.48 (0.01) 
35/H550/15(AI 1.0) 740 (30) 144 (13) 349 (15) 0.50 (0.01) 
35/H550/15(AJ1.5) 759 (29) 147 (6) 356 (6) 0.51 (0.02) 
The influence of A1100 and stearic acid coating was to increase all impact properties. 
Figure 4.30 shows the influence of increasing AI100 on different filler morphologies. 
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Figure 4.30 The Influence of Filler Type and Al 100 Coating on Peak Force. 
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4.4.5 Thermal Properties 
Two techniques were used to measure thermal properties, differential thermal analysis and 
thermal gravimetric analysis. 
4.4.5.1 Differential Thermal Analysis 
Tables 4.30 to 4.35 contain the results measured during DTA analysis. The titles Tm and 
Tc refer to the melt temperature and recrystallisation temperature respectively. The titles 
XM and XC refer to the percentage crystallisation after melting and recrystallisation 
respectively. The superscript refers to what temperature cycle the reading were taken. 
Appendix L contains individual data. 
Table 4.30 The Influence of Matrix Type on Thermal Properties. 
CODE Tm l (QC) XMI (%) Tc l (QC) XCi (%) 
100U/0/0 264.67 (0.46) 26.1 (1.8) 237.34 (0.18) 25.5 (2.3) 
40UIDP60/0 262.44 (0.43) 26.7 (1.8) 237.56 (0.1 0) 23.0 (1.7) 
40UIFL60/0 260.60 (0.23) 26.5 (0.5) 232.86 (0.15) 17.3 (1.7) 
100/0/0 264.23 (0.27) 30.9 (1.7) 237.96 (0.04) 27.4 (1.8) 
401DP60/0 262.65 (0.06) 29.2 (0.5) 237.83 (0.11) 23.8 (1.5) 
401FL60/0 261.77 (0.09) 29.3 (0.6) 233.81 (0.15) 17.7(0.4) 
There appeared to be little influence of lubricated matrix on the melt crystallisation 
results, while the recrystallisation results, XC increased slightly. 
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Table 4.31 The Influence of MatrixlFillerlFibre Ratio on Thennal Properties. 
CODE Tml (0C) XMl (%) Tc l (0C) XCi (%) 
80/0/2() 264.40 (0.71) 29.3 (3.5) 237.65 (0.46) 27.1 (2.7) 
40IDP60/0 262.65 (0.06) 29.2 (0.5) 237.83 (O.ll) 23.8 (1.5) 
40IDP5515 261.61 (0.24) 30.6 (2.7) 237.74 (0.l0) 25.6 (1.5) 
40IDP5 011 0 261.52 (0.28) 28.3 (0.4) 236.61 (0.08) 26.0 (0.1) 
40/DP451l5 261.61 (0.78) 27.2 (0.2) 235.59 (0.20) 26.0 (0.4) 
40IDP40/20 262.l 0 (0.30) 28.4 (0.4) 235.20 (0.04) 27.9 (1.1) 
As filler/fibre ratio (Table 4.31) was increased, there was little change in the melt 
crystallisation results. For recrystallisation results the Tcl increased, while XCI decreased 
when filler/fibre ratio .was increased. 
The thennal properties for the composites with increasing filler content were split into 
three tables (Table 4.32 to 4.34), showing melt thennal properties and recrystallisation 
properties. 
Table 4.32 The Influence of Filler Content on Melt Thennal Properties. 
CODE TmICC) XMI(%) Tm"(°C) XM2(%) 
901FL0/IO 265.59 (0.50) 32.8 (1.9) 264.07 (0.24) 32.9 (1.6) 
80IFLI0/I0 264.52 (1.16) 31.1 (2.0) 263.l9 (0.07) 35.4 (1.3) 
701FL20/10 264.l4 (0.79) 31.4 (0.6) 262.45 (0.62) 34.6 (0.0) 
60IFL30/1O 263.78 (0.71) 29.3 (1.8) 260.73 (0.56) 32.3 (2.1) 
501FL40/10 262.47 (0.l6) 30.7 (3.9) 259.66 (0.01) 30.3 (4.2) 
401FL50/10 260.47 (1.13) 29.6 (1.4) 257.01 (0.33) 30.7 (3.5) 
30IFL60/10 260.79 (2.04) 27.4 (3.2) 258.37 (0.46) 29.0 (4.6) 
The results for Tm3 and XM3 can be found in Appendix 1. As filler content was increased 
all Tm and XM results decreased. It was noted that the stated standard deviation for XM 
was high, which was due to problems of the multiple endothennic peaks (see Figure 4.32). 
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Also the difference between the Tm results generally increased as filler content was 
increased. 
Table 4.33 The Influence of Filler Content on Recrystallisation, First Heating Cycle. 
CODE Tc' (OC) XC'(%) Tp -Tc' 
901FL0/10 240.62 (0.30) 26.6 (1.6) 3.47 (0.36) 
80IFLlO/l0 238.26 (0.08) 28.4 (2.7) 2.40 (0.07) 
701FL20/10 237.40 (0.l8) 28.3 (S.4) 2.66 (0.l6) 
601FL3 01 10 237.02 (0.29) 27.2 (3.8) 2.56 (0.11) 
SOIFL40/10 234.93 (0.28) 2S.7 (1.8) 3.08 (0.02) 
40IFLSO/10 232.76 (0.67) 23.l (S.l) 3.40 (0.12) 
30IFL60/10 .233.40 (0.40) 19.0 (3.4) 3.49 (0.11) 
Table 4.34 The Influence of Filler Content on Recrystallisation, Second Heating Cycle. 
CODE Tc"(°C) XC2 (%) Tp -Tc 
90IFLO/10 240.l6 (0.34) 27.2 (0.2) 3.77 (0.30) 
801FL1 O/l 0 237.66 (0.21) 28.2 (2.S) 2.52 (0.01) 
701FL20/10 236.40 (0.l7) 28.l (S.4) 2.73 (0.00) 
601FL30/l0 23S.78 (0.l2) 27.6 (3.0) 2.80 (0.19) 
SOIFL40/l0 232.28 (0.40) 2S.6 (0.6) 3.37 (0.28) 
40IFLSO/10 228.9S (0.25) 23.1 (3.5) 4.79 (0.21) 
30IFL60/1O 230.29 (0.62) 20.2 (5.0) 5.09 (0.08) 
As filler content was increased, both the Tc and XC results d ecreased. The standard 
deviation for the XC results were also high, which was due to problems with sloping 
ontent decreased the rate 
heating cycle (Tp2_Tc2). 
nfluence in greater detail 
baseline. The 'Tc-Tp' results indicate that increasing the filler c 
of recrystallisation, which was further decreased on the second 
Figures 4.31 (801FLl 0/10) and 4.32 (301FL60/1O) can show this i 
when both are compared. 
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Table 4.35 The Influence of Filler and Coating Type on Thermal Properties. 
CODE Tm! ("C) XMI (%) TcI (QC) XCI (%) 
351FL50/15 261.91 (O.5S) 32.5 (2.4) 234.84 (0.10) 24.9 (5.9) 
351KA50/15 260.92 (0.19) 31.6 (1.2) 237.23 (0.37) 26.4 (0.7) 
35/TU501l5 261.57 (0.69) 31.6 (1. 7) 236.62 (0.23) 27.2 (3.7) 
3SIDP50/15 261.96 (0.30) 29.2 (S.O) 236.06 (0.22) 24.2 (5.5) 
3SIDP50115(AI 3.0) 261.71 (0.18) 28.8 (0.7) 236.60 (0.15) 26.8 (1.6) 
35/H550/15 262.76 (0.14) 33.8 (1.6) 236.23 (0.53) 26.1 (5.4) 
35/H550115(SA1.25) 262.80 (0.18) 29.3 (2.0) 236.81 (0.12) 26.3 (1.5) 
Except for 35IFL50/15 (it has a low TC\ there was very little difference between each 
filler type and coating type. 
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4.4.5.2 Thermal Gravimetric Analysis of Filled Composites 
TGA was used to investigate the onset of degradation temperature of the composites. 
Comparing the matrix types there appeared no difference in the degradation between 
unlubricated and lubricated, unfilled and filled composites. 
Comparing unfilled PA66, magnesium hydroxide, and a highly filled composite (Figure 
4.33) the onset of degradation for the latter substantially decreased. It was also noted that 
the filled composite had two drops in weight compared to one for the others. FTIR 
analysis was performed on all the resulting degraded products at the end of the first 
(365°C) and second (435°C) weight drop. The filled composite FTIR traces can be seen in 
Figure 4.34 and Figure 4.35 respectively. 
Figure 4.36 compares the thermal degradation of different filler type composites. The 
same trend was noted as with the degradation of the fillers (Section 4.1.7.2), where the H5 
and DP filled composite's onset of degradation was at a higher temperature than the other 
filled composites. 
An examination of the influence of the coating on the onset of degradation of the filled 
composites showed there was the same trend as with the coated filler (Section 4.1.7.2). 
The AllOO DP composite (Figure 4.37) had a slightly higher onset of degradation 
compared to the uncoated DP composite, while the opposite occurred for the stearic acid 
H5 composite (Figure 4.38). 
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4.4.6 Fire Properties 
The burning properties of the composites were investigated using both UL94 and limiting 
oxygen index. Details of the methods used can be found in Section 3.6.5. 
4.4.6.1 UL94 Vertical Burning 
Two sets of 5 bars, one set 'wet' conditioned, the other 'dry' were tested for each 
composite produced. Tables 4.36 to 4.40 contain a summary of the results, while 
Appendix M contain all the individual results. The columns are made up of first and 
second flame times which are the total sum of the burning times of the first and second 
applications respectively. The 'comments' column indicates whether the bars dripped 
burning or non-burning material, or if individual samples burnt for more than 10 seconds 
which makes the difference between a VO and VI rating. 
Table 4.36 The Influence Matrix Type on UL94. 
CODE UL94 1st Flametime 2na Flametime Comment 
Rating (S) (S) 
100U/0/0 V2 13.0 12.0 10 Burning drips. 
40UIDP60/0 VO 3.0 37.5 
40UIFL60/0 VO 0.5 4.5 2 Non-burning chunks. 
1001010 V2 15.0 15.0 10 Burning drips. 
401DP60/0 VO 2.0 18.0 
401FL60/0 V2 2.0 6.0 4 Non-burning chunks. 
2 Burning chunks. 
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Table 4.37 The Influence ofMatrixIFiller/Fibre Ratio on 0194. 
CODE 0194 1 SI Flametime 2nd Flametime Comment 
Rating (S) (S) 
80/0120 FAILED - - 10 Burnt to clamp. 
40IDP60/0 VO 2.0 18.0 
40IDP5515 VO 1.5 15.5 
40IDP50/10 VO . 6.0 19.5 
40IDP451l5 VO 3.5 33.5 
40IDP40/20 V2 23.0 57.0 2 Burning chunks. 
2 Burned> 1 0 seconds. 
44IDP4511 I V2 13.5 32.0 6 Burning chunks. 
36IDP55/9 VO 1.5 15.5 
BJ Cl .-D. E F G I 
. I 
, 
.'UL94 I . _.. 
B - 80/0/20 C - 40/DP6010 D - 40IDP5515 
E - 40/DP50/1 0 F - 40iDP45115 G - 40IDP40/20 
Figure 4.39 A Photo of the Tested UL94 Bars for the Influence of MatrixlFilleriFibre. 
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The glass-filled only composite (Figure 4.39, B) had a spear-like head due to dripping of 
the molten material, and was also covered in a layer of soot. Except for glass-filled only 
composite, all the bars are shown at the same height. Decreasing the filler/fibre ratio, 
caused the bars to draw which eventually lead 401DP40/20 (G) to drip. 
Table 4.38 The Influence of Filler Content on UL94. 
CODE UL94 I SI Flametime 2nd Flametime Comment 
Rating (S) (S) 
50IFL40/10 V2 36.0 19.0 10 Burning chunks. 
40IFL50/10 VO 12.0 40.0 
30/FL60/10 VO 6.0 14.5 
BI C ! 
A - 30IFL60/10 B - 40IFL50/10 C - 50IFL40/IO 
Figure 4.40 A Photo of the Tested UL94 Bars for the Influence of Filler Content. 
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Figure 4.40 show all the bars are at the same height during testing. As the filler content 
was decreased (from 60 wt%) the bars began to draw, which eventually lead to the 
401FL40/l0 (C) to drip. 
Table 4.39 The Influence of Filler and Coating Type on UL94. 
CODE UL94 I SI Flametime 2nd Flametime Comment 
Rating (S) (S) 
3SIFLSO/1S VO 8.0 22.5 
3SIFLSO/1S(A10.S) VO 11.0 20.5 
3SIFLSO/1S(A1 1.0) FAIL 20.S 299.0 S Burned to clamp. 
S Dripped half section. 
3S!KASO!lS VO 6.S 27.0 
. 
3S!KASO/1S(A10.S) VO 4.S 2S.0 
3SITUSOl1S VO IO.S 28.0 
3SITUSO/1S (AI O.S) VI 2S.S 91.0 S Burned> 10 sec. 
3SITUSO/1S (AI 1.0) FAIL 276.0 329.0 S Burned to clamp. 
S Dripped half section. 
3SIDPSO/1S VO 8.0 14.0 
3SIDPSO/1S(A13.0) FAIL 21.0 600.0 la Burned to clamp. 
3SIHSSO/1S V2 3.0 7.S S Non-burn chunks. 
3 Burning chunks. 
3SIHSSO/1S(A10.S) VO 11.0 22.0 
3SIHSSO/1S(A1 1.0) VO 13.0 32.0 
3SIHS50/15(AI 1.5) VI 19.5 158.0 8 Burned> 1 0 sec. 
3SIHS50/I5(SA 1.2S) VO 4.S 8.5 
IS6 
RESULTS 
UL94 
D\ E 
D - 35IDP50115 E - 35IDP50/15 (AI 3.0) 
Figure 4.41 A Photo of the Tested UL94 Bars for the Influence of AII00 Coating on DP 
Filled Composites. 
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UL94 
F G H 
F - 351H550115 G - 35/H550115 (AI 1.0) H - 351H550/15 (SA 1.25) 
Figure 4.42 A Photo of the Tested UL94 Bars for the Influence of Coating on H5 Filled 
Composites. 
Figure 4.41 show all the bars are at the same height during testing. The AI100 coating (E) 
appeared to cause the bars to burn rapidly up to the clamp. The bars also remained intact, 
with no dripping, and interestingly there was very little drawing. Figure 4.42 show all the 
bars are at the same height during testing. The uncoated H5 filled composite (F) dripped 
flaming material, while the coated H5 composites (G, H) did not. It was noted that the 
stearic acid coated H5, the burning head rapidly expanded to produce a large char head, 
which was very aerated. 
158 
REC:;ULTS 
Table 4.40 UL94 Results on the Optimised Composites. 
CODE UL94 I" Flametime 2nd Flametime Comment 
Rating (S) (S) 
40/H5451l5 V2 14.5 10.5 8 Burning chunks. 
2 Non-bum chunks. 
401H5451l5(AIO.5) VO 9.0 29.0 4 Non-bum chunks. 
401H545/15(AI 1.0) VO 9.5 47.0 3 Non-bum chunks. 
401H540/20 V2 46.0 230 10 Burning chunks. 
401H540/20(AI 0.5) V2 20.5 11.0 8 Burning chunks. 
2 Non-burn chunks. 
401H540/20(AI 1.0) VI 8.5 179.0 8 Burned over 10 s. 
2 Non-burn chunks. 
For all the H5 composites (Table 4.40), containing 45/15 and 40/20 filler/fibre ratio with 
addition of AIIOO, the amount of dripping reduced. The UL94 results also improved for 
. the 1.0 wt% AIIOO coated composites. 
4.4.6.2 Limiting Oxygen Index 
One set of 10 bars, wet conditioned were tested for each composite. Tables 4.41 to 4.44 
contain the results, and a column containing any comments on the burning process. 
Table 4.41 The Influence of Matrix Type on L.O.I. 
CODE L.O.I Comment 
100u/0/0 26.5 No char cap, molten material dripped down side. 
40UIDP60/0 44.0 Char cap. 
40UIFL60/0 53.0 Char cap. 
100/0/0 25.0 No char cap, molten material dripped down side. 
40IDP60/0 52.0 Char cap. 
40IFL60/0 52.0 Char cap. 
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Table 4.42 The Influence ofMatrixIFiller/Fibre Ratio on L.O.!. 
CODE L.O.! Comment 
80/0120 19.0 No char cap. 
40IDP60 52.0 Char cap. 
40IDP5515 40.5 Char cap. 
40IDP501l0 47.5 Hard char cap. 
40IDP451l5 47.0 Hard char cap. 
40IDP40/20 50.0 Large hard char cap. 
44IDP45/11 48.5 Large hard char cap. 
36IDP55/9 43.5 Hard char cap. 
LIMITED OXYGEN INDEX 
B 
B - 80/0/20 
E - 40IDP50/1 0 
c D 
C - 40IDP60/0 
F - 40IDP45115 
E F 
'. 
G 
D - 40IDP5515 
G - 40IDP40/20 
Figure 4.43 A Photo of the Tested L.O.!. Bars for the Influence ofMatrixIFiller/Fibre 
Ratio. 
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For the glass-filled only composite (Figure 4.43, B) during testing the bar dripped flaming 
material and there was also a layer of soot on the surface. For the magnesium hydroxide 
filled composites the strength and size of the char head increased as the filler/fibre ratio 
decreased. 
Table 4.43 The Influence ofFiIler Content on 1.0.1. 
CODE 1.0.1 Comment 
901FL0/l0 20.0 No char cap. 
80IFLlO/IO 21.0 No char cap. 
70IFL20/10 22.5 No char cap. 
60IFL30/10 30.5 No char cap. 
50IFL40/10 46.5 Hard char cap. 
40IFL50/10 50.0 Hard char cap. 
301FL60/1O 51.0 Hard char cap. 
LIMITED OXYGEN INDEX .' 
lAJ iD' • I n' I E , c: I i L. .1 , 
•. 1 .1 i 
A - 70IFL20/1O B - 60IFL30/10 C - 50IFL40/1O 
D - 40IFL50/10 E - 30IFL60/10 
Figure 4.44 A Photo of the Tested 1.0.1. Bars for the Influence of FiIler Content. 
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Increasing the filler content up to 30 wt% (Figure 4.44, A, B) the photo showed that 
molten material dripped down the side of the bar, and no char head formed. Above the 30 
wt% loading there was no dripping, and a char head formed. For increasing filler content 
(Figure 4.45) the graph indicated a large difference in oxygen index between 70IFL201l 0 
and 501FL40/1O. Above and below that composite range, the oxygen index changed very 
little. 
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90/FLO/l0 80/FL 10/10 70/FL20/10 GO/FL30/10 50/FL40/10 40/FL50/10 30/FLGO/l0 
Figure 4.45 A Graph Showing the Influence ofFiller Content on L.O.!. 
Examining the influence of coating (Table 4.44) the oxygen index decreased for both 
Al 100 and stearic acid. Increasing the AIIOO coating levels decreased the value even 
further but not so substantially. A photo (Figure 4.46) showing the bars after testing 
indicated the influence of coating on the char head production. For the stearic acid coated 
filled composites the char tended to split down the middle (D) exposing molten matrix 
(C). Comparing coated AllOO filled composite (A) with uncoated filled composite (B), 
the char head for the former was less pronounced. Comparing the uncoated filler types 
there appeared to be very little difference, with a range variance of 3 %. 
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LIMITED OXYGEN INDEX 
·lAJ· . 'Bi , , \ J . c I DI . \: 
A - 35/H550/15 (AI 1.0) B - 35/H550/15 C - 35/H550/15 (SA 1.25) 
D - 35/H550/15 (SA 1.25) Char Head 
Figure 4.46 A Photo of the Tested 1.O.I. Bars Examining the Influence of Coating. 
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Table 4.44 The Influence of Filler and Coating Type on L.O.I. 
CODE L.O.1 Comment 
35IFL50/l5 51.0 Hard char cap. 
35IFL50/l5(AIO.5) 43.9 Brittle char cap. 
351FL50/l5(AI 1.0) 40.5 Brittle char cap. 
351KA50/15 52.0 Hard char cap. 
351KA50/l5(AI0.5) 46.5 Brittle char cap. 
35/TU50/15 51.0 Hard char cap. 
351TU50/15 (AI 0.5) 41.5 Brittle char cap. 
351TU50115 (AI 1.0) 39.0 Brittle char cap. 
35IDP50/15 50.5 Hard char cap. 
351DP50/15(AI 3.0) 39.5 Very brittle char cap. 
351H550/l5 53.5 Hard char cap. 
35/H550115(AIO.5) 48.5 Brittle char cap. 
351H550/15(AI 1.0) 42.5 Brittle char cap. 
351H550115(AI 1.5) 42.0 Brittle char cap. 
351H550115(SAI.25) 44.0 Bar rapidly burned, char produced split down 
middle exposing more material to bum. 
4.4.7 Fracture Analysis 
The fract.ure surface of the izod bars that had been impacted were examined USIng 
scanning electron microscopy. Initially the whole notched fracture surface of glass 
reinforced and magnesium hydroxide filled composites were compared. At higher 
magnification the glass fibres protruding from the fracture surface and the influence of 
different filler morphologies were examined. 
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Figure 4.47 Fracture Surface of 8010/20 Impact Specimen. 
Figure 4.48 Fracture Surface of 35IDP501l5 Impact Specimen. 
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Figure 4.49 Fracture Surface of 35/FL50115 Impact Specimen. 
Figure 4.50 Glass Fibre End of 40IDP45/l 5 Impact Specimen. 
The fracture surface for glass filled only composite 8010/20 (Figure 4.47), had an uneven 
texture. While a typical fracture surface for the magnesium hydroxide fill ed composites 
(Figure 4.48) tended to have a fl at even texture (except FL and KA fill ed composites). 
The KA and FL fill ed composites such as Figure 4.49 had a flat texture, but uneven 
surface due to some shrinkage cracks present. Closer examination of a typical fibre end 
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(Figure 4.50) shows that the fibres are covered with matrix indicating they are being 
pulled rather than being broken during fracture. 
Figure 4.5 1 Fracture Surface of 35/FL50/ 15 Impact Specimen Showing Shrinkage Crack. 
Figure 4.52 Face of Shrinkage Crack, for the 35IFL501l51mpacI Specimen. 
A close-up of the crack (Figure 4.51) indicated polymer strands where the matrix had been 
drawn during shrinkage. Observation direct ly at the surface of the crack (Figure 4.52) 
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indicated stacked plates of magnesium hydroxide fi ller, orientated in the same direction as 
the now of material during injection moulding. 
Figure 4.53 Fracture Surface of 40fFL5011 0 Impact Specimen, Examining Fibre Length. 
Figure 4.54 Fracture Surface of 40fDP50flO Impact Specimen, Examining Fibre Length. 
Figure 4.53 shows the typical length of fibres protruding from the surface of all types of 
magnesium hydroxide filled composites except DP. Note the holes where the fibres have 
been pulled out by the other section of the fracture bar, and the uniaxial orientation of the 
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fibre . The DP composites (Figure 4.54) lend 10 have much shorter fibres prolruding from 
fracture surface. 
The nexl 5 micrographs (Figurcs 4.55 to 4.59) examllle the fractography of each 
composi te containing different type of l11agncsiul11 hydroxide fill er. 
Figure 4.55 Close-Up of the Fracture Surface of 35IDP501l 5 Impact Specimen. 
Figure 4.56 Close-Up of the Fracture Surface of351H550/ 15 I 111 pact Specimen. 
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Figure 4.57 Close-Up of the Fracture Surface of35IFL50/ 15 Impact Spccimcn. 
Figure 4.58 Close-Up of the Fracture Surface of351KA50/ 15lmpact Specimen. 
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Figure 4.59 Close-Up of the Fracture Surface of 35rrU50115 Impact Specimcn. 
for the OP fill ed composites (Figure 4.55), there appeared to be hardly any filler particles 
showing at the surface. The H5 filled composites (Figure 4.56) had filler particles that 
appeared to be randomly orientated at the surface. For the FL filled compositcs (Figure 
4.57), the filler panicles are orientated in the same direction , and there are holes where 
filler particles have been pulled by the other part of the fracture bar. In the KA filled 
composites (Figure 4.58) the filler particles are less orientated than FL, but there are again 
holes where particles have been pulled by the other part of the fracture bar. Finally for the 
TU fi ll ed composites (Figure 4.59) they appeared even less orien ta ted, with hard ly any 
holes. 
4.4.8 DiSJle rsion Analysis 
The dispersion of the fillers and fibres were examined uSll1g scannll1g e lectron 
microscopy. The cross section of an izod bar was taken and then polished. T he bar was 
then immersed in I molar hydroch loric acid to dissolve the fille r particles, leaving ho les in 
the po li shed surface where the fi ll er was present. A plasma etching technique wa a lso 
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used, which destroyed the soft matrix, leaving the fi ll er particles protruding from the 
surface. 
I, 
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Figure 4.60 Acid Etched Surface of 3SIFLSO/ IS. 
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Figure 4.6 1 Acid Etched Surface of 3SIHSSOII S. 
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Figure 4.60 shows the high orientation of the FL particles, which was only innuenced by 
the presence of fibres. They then appeared to orientate around the fi bres. Figure 4.6 1 
shows the low orientation of the H5 particles. The OP filled composi te (Figure 4.62) had 
some agglomerates present which were approximately 10 microns in size. 
Figure 4.63 Close-Up of the Acid Etched Surface of35/FL50/15. 
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Figure 4.64 Close-Up of the Ac id Etched Surface of 40fDP6010. 
Figure 4.65 Close-Up of the Acid Etched Surface of35f1-l550115. 
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Figure 4.66 Close-Up of the Acid Etched Surface of3S/KASOII S. 
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Figure 4.67 Close-Up of the Acid Etched Surface of 3SrrUSOIIS. 
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The FL filled composite (Figure 4.63) show the particles to be very platy, and have a high 
leve l of orien tation. The DP filled composite (Figure 4.64) the particles are much smaller, 
and have some degree of orientation. It a lso shows the presence of small agglomerate of 
approximately three microns. The H5 fill ed composite (Figure 4.65) the panicles are 
much larger, and less platy. The KA fi ll ed composite (F igure 4.66) the particles appeared 
to have a high level of orientation, whi le the TU fill ed composite (Fi gure 4.67) showed 
littl e orientation. 
Figure 4.68 Close-Up of the Plasma Etched Surface of 40IFL6011 O. 
Micrographs 4.68 and 4.69 show the FL and DP filled composites that have been plasma 
etched. Both have the filler particles protruding from the surface, with the former having 
larger platy particles showing some orientation. [t was interesting to note the FL fill ed 
composite had small round pock holes in the matrix. It was suggested [205] that they 
could be crystalline spheruJites produced after injection moulding. The reason why they 
are more susceptible to plasma eroding compared to the amorphous region could be due to 
the crystalline regions havi ng a denser packing, and are more likely to be hi t by the 
plasma. 
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Figure 4.69 Close-Up of the Plasma Etched Surface of 40/DP6010. 
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5.1 FilIer Characterisation 
CHAPTERS 
DISCUSSION 
5.1.1 Particle Size Average and Particle Size Distribution 
DISCUSSION 
All the magnesium hydroxide fillers tested were classified as ' fine powders' ( l-50 
microns), except for DP which was classed as ' ultra-fine' (10 nanometres-I micron) due to 
its smaller particle size average. The particle size di stribution for DP however, did 
overlap with the ' fine powder' range. 
Arai [206] stated the purpose of an average is to represent a group of individual values in a 
si ngle and concise manner in order to obtain an understanding of the group. It is therefore 
important that the average should be representati ve of the group. All average diameters 
are a measure of a central tendency which is unaffected by the relatively few extreme 
values in the tails of the distribution. Therefore, whenever quoting a particle size average, 
it is also important to quote a particle size di stribution curve if a full picture of the filler is 
to be analysed. Magnesium hydroxide fillers are generally composed of a large number of 
fine particles of differing sizes, and the particle size distribution indicates the range of 
sizes included and the frequency of occurrence of each size. Very small quantities of 
particles above (or below) a critical size can sometimes dominate certain properties, such 
as tensil e and impact strength, although thi s would not show up in a particle size average 
alone. This was the case for DP, where it appeared to have agglomerates in the 2 to 8 
micron range. Ideally these would have broken down during processing. Graph 5. l 
indicates that increasing the ultrasonic time resulted in a breakdown in the agglomerates. 
However some caution is required because the mode of breakdown during processing is 
different to that in sizing. 
178 
,;. 
• j 
14 --.---.,----'.---
, 
" 12 :~ 
. ' ~ I , . 
~ : 
10 .' I, 
.~ : 
. ' 
8 • 
6 
4 
• 
:~.----
. --"-
\ ~ 
' .... ~ ...... 
2 
. ' 
'. . 
-'. "" .. 
4 
DISCUSSION 
-DP2MIN 
__ -DP SMIN 
~ .. - -DP 15MIN 
• 8 10 12 14 16 18 2. 22 
ParUcle OIameter (um) 
Figure 5.1 Graph Showing the Influence of the Ultrasonic Duration on PSD. 
When examining the particle size distribution for KA filler, it was seen to be different 
compared to the other fillers because it did not have such a sharp modal peak; rather it was 
almost multimodal. As with the DP, this may be due to agglomerated particles. 
Examining the particle size distribution for H5 and FL, they each have a narrow shoulder 
on the left side of the curve. However, this shoulder did not peak and therefore they 
cannot be classed as bimodal. 
The particle size distributions indicated the magnesIUm hydroxide fillers were 
polydispersed, i.e. a powder consisting of particles of heterogeneous size covering a wide 
size range. The asymmetric curve, with an initial sharp increase and a gradual tailing off 
is typical of polydispersion. The TU filler had a relatively narrow particle size distribution 
which could influence its packing properties (see Section 5.1.4). 
It should be noted that the magnesium hydroxide fillers, TU and KA were analysed on a 
different Malvern particle sizer compared to the others, and the sample preparation 
performed by a different person. As sizing has been shown in this work to be machine and 
Operator dependent, care must be taken in comparing these results with others. 
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DISCUSSION 
5.1.2 Specific Surface Area 
It is generally accepted that with decreasing particle size, there is a subsequent increase in 
specific surface area. This was the general trend with all the magnesium hydroxide fillers 
analysed, where DP had a large specific surface area and a small particle size, while for 
H5 the complete opposite occurred. However, it would be expected that KA and TU 
fillers would have similar specific surface areas due to having virtually the same particle 
size. This was not the case as TU had nearly half the surface area, compared to KA. 
When comparing the order of particle size to specific surface area (Tables 4.1 and 4.2) for 
each filler it appeared TU was the anomaly. One possible reason for this may be due to 
the TU filler being less platy, with a lower aspect ratio than both KA and FL (see STEM 
Section 4.1.3). 
With DP having such a high specific surface area compared to the other fillers there 
should be a subsequent higher surface energy present. Excess energy produced from 
broken chemical bonds and disrupted crystal surfaces will exist at the particle surface. 
This surface energy will always act to reduce its value by decreasing surface area, not only 
adsorbing polar molecules such as H20, but also attracting other filler particles to form 
agglomerates. 
5.1.3 Scanning Transmission Electron Microscopy (STEM) 
The DP filler had an irregular shape, (Figure 4.2) and appeared to be agglomerated into 
larger particles, which confirms what was found during particle size analysis (Section 
4.1.1). On closer inspection the particles appeared to be very platy. FL and KA had a 
similar regular hexagonal shape (Figures 4.3 to 4.5), although the edges are not well 
defined. Both appeared to be thin platy particles, indicated by their transparency, and by 
Figure 4.4 showing the particle thickness. The TU filler could be said to have the most 
regular shape, being virtually round, and not as platy as KA and FL (Figure 4.6). The HS 
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filler (Figure 4.7) had a very regular hexagonal shape, with well defined edges and nodes, 
which appeared to be relatively thicker compared to FL and KA 
5.1.4 Packing Properties 
5.1.4.1 Dry Packing Properties 
The packing density is influenced by several factors, including particle size, particle shape, 
particle size distribution, surface coating and cohesion; which relate to the data available. 
Large particles (above 100 microns) have very little influence on packing density, but with 
smaller particles there is more interparticle friction and particle bridging is likely to occur. 
With smaller particle sizes, the increased surface area and lower particle mass have a 
greater influence on the short range weak forces such as electrostatic fields, moisture and 
surface adsorption which decreases the packing density. German [207] showed that 
tungsten carbide particles of 4.6 microns size packed to a packing density of 0.55, 1.8 
microns packed to 0.31, and for 0.6 micron size the packing density was 0.12. 
The DP filler had the smallest particle size, the largest specific surface area, and therefore 
had the lowest packing density. The other filler packing densities also decreased with 
increasing specific surface area, although TU was lower than expected. This could be 
attributed to the small particle size and the shape of the particle. Even though it is 
generally considered that irregular shaped particles decreases packing density, it would 
seem that TU, which had a regular round shape compared to KA, which had a relatively 
irregular hexagonal shape, gave a higher packing density. Because the magnesium 
hydroxides used were plate-like particles you would expect them to pack during 
compaction, to lower the potential energy as much as possible. Figure 5.2. indicates what 
would ideally be seen from a plane view, which shows the voids for TU where there is no 
straight edges for the particles to line up. The side dimension of the particles also had an 
elliptical nature. This extra voidage volume would lead to a decrease in packing density. 
However this is only an ideal situation where particles are monosized, although you would 
expect a similar effect with particles of different size. 
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TU FiIler KAFilJer 
Figure 5.2 Comparison of Row TU and KA Fillers Could Pack. 
Another factor that influences packing density and needs to be taken into account is 
particle size distribution. Generally a wide particle size distribution would have a higher 
packing density than a narrow particle size distribution. For optimal packing, the largest 
particles form a fixed skeleton, so that each successively smaller particle fills the 
remaining voids. Each of the remaining voids is then filled by even smaller particles, 
assuming there is little or no segregation of the particle sizes. A wide particle size 
distribution would allow the small particles to fill the gaps produced by the larger 
particles. TU had a narrow particle size distribution, while KA and R5 was relatively 
wide, therefore you would expect the former to have a lower packing density. 
As mentioned in Section 5. I. I DP does have a relatively high degree of agglomeration. 
Generally as particle size decreases, and the number of particles in each agglomerate 
increases, the agglomerate become stronger which lowers the packing density. This is 
because the voids grow in size as agglomeration increases. 
Finally when investigating the influence of coating on packing properties, the dry packing 
density was plotted against the level of AIIOO or stearic acid (Figure 4.9). Coating 
generally reduces the surface energy and interparticle friction by lubricating the surfaces 
via short range repulsive forces, which usually improves the packing density. 
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For stearic coated DP a theoretical monolayer was believed to be approximately 3.0 wt% 
[204]. Initially with increasing stearic acid coating, there was a decrease in packing 
density at a monolayer coating but then subsequently the packing density increased with 
increasing coating level. A possible reason could be due to lubrication, lowering frictional 
forces that would resist packing. 
5.1.4.2 Wet Packing Properties 
Wet packing is dependent upon specific surface area, particle shape, polarity and type of 
oil used. Increasing the surface area increased the oil required to coat the particles (Table 
4.3). Therefore as expected DP (highest surface area) had the highest oil absorption, while 
H5 (lowest surface area) was the lowest. 
The influence of increasing stearic acid levels on DP (Figure 4.8), was to decrease the oil 
absorption value because the surface energy and polarity decreased. A monolayer 
. coverage (3.0 wt%) decreased oil absorption by 29 %, whereas another 3.0 wt% layer only 
lead to further 13 % decrease. The same trend was noted by Raymond [204]. The 
addition of the fatty acid to the filler surface had the effect of reducing the surface energy 
of the filler, lowering the interaction between filler and matrix. The above indicated that a 
monolayer coverage had the most influence, with increasing levels having a reduced 
influence. 
For AII00 coated H5 the coating appeared to have very little influence. This may be due 
to the presence of amino groups which would keep the surface polarity high. Also, only 
coatings levels up to 1.5 wt% were used. 
183 
DISCUSSION 
5.1.5 Differential Thermal Analysis of Filler 
When comparing the endothermic degradation of each filler type, it was noted that all had 
similar endotherms, except for DP which was approximately 10 % lower. It was also 
noted for all filler types the endotherm was about 400 Jig lower than the theoretical (1450 
Jig) [119]. This was because the fillers were only heated up to 500°C. Above this 
temperature Chen [86] found there was still a moderate loss of H20 through the porous 
magnesium oxide. Homsby [12] had also noted that the magnitude of the endotherm was 
markedly influenced by the experimental conditions used during analysis. The results 
however, indicated that the majority of the endotherm takes place at the degradation 
temperature ofthe matrix (Figure 4.33), exhibiting a flame retarding influence. 
5.1.6 Thermal Gravimetric Analysis of Filler 
When comparing the onset of degradation temperature for the uncoated fillers (Figure 
4.13) it was found that they can be separated into two groups. The KA, FL and TU fillers 
had the lower onset, while H5 and DP the higher onset of degradation. The similarity 
between the former fillers could be attributed to them being produced by similar 
production methods, by the same manufacturer (Queensland Metal Corporation). The 
isothermal results (Figure 4.14) were not grouped as the above, however they show the 
same trend, where the rate of degradation increased in the following order: 
DP < H5 < FL < KA < TU 
It was surprising that DP had the lowest rate of degradation because it had a much greater 
surface area, which should release a greater quantity of H20. 
An examination of the degradation of the coated fillers showed some interesting 
differences. When measuring the onset of degradation (Figure 4.15) it appeared that the 
coatings had varying influences on the DP filler tested. The A 1100 coating increased the 
onset of degradation compared to the uncoated filler, while the stearic acid decreased it. 
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A similar trend was noted for the isothermal results (Figure 4.16), where the AllOO 
appeared to decrease the rate of degradation, compared to the uncoated filler; while the 
opposite occurred for the stearic acid coated filler. Such influences could have beneficial, 
or detrimental effects on the fire properties of the composites (Sections 5.6.9 and 5.6.10). 
It was also noted that the fillers had approximately the same weight loss (H20), of about 
30 wt%, which compared well with the theoretical [119}. 
5.2 Influence of Matrix 
This section discusses the influence of the lubricant processing aid on the physical 
properties of both unfilled and filled composites. It also contains areas of discussion that 
cannot be classified in the other aspects investigated. 
5.2.1 Compounding 
The influence of different matrices on the compounding of composites can be found in 
Table 4.5. For unfilled PA66, torque, die pressure, and processing temperature were all 
lower than the filled composites. When comparing the different unfilled PA66, there 
appeared to be hardly any difference between lubricated and unlubricated. For the filled 
composites the influence of the matrix was more noticeable. Although there was no 
apparent influence on torque, there was a slight drop in die pressure and processing 
temperature of the lubricated matrix. One major problem using the unlubricated matrix 
for the filled composites, was that the vacuum vent continually blocked with molten 
material. However no blockage occurred for the lubricated matrix, which may be due to 
relatively lower pressures at the vent section. For the unlubricated filled composites the 
greater pressures at the vent forced the molten material to take an alternative route through 
the vacuum vent. The lubricant would also reduce frictional forces on the barrel and 
screw walls (via surface migration), allowing easier passage of the molten material. The 
result also indicated that the filler did not neutralise the influence of the lubricant by 
surface adsorpti on. 
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5.2.2 Molecular Weight 
In contrast to low molecular weight materials, polymers do not have a unique molecular 
weight. Due to their large size a range of molecular weights are produced which can be 
classified using different molecular weight models, and also by molecular weight 
distribution. The molecular weight distribution shows the frequency with which 
molecules of a specific chain length, or molecular weight occur in the polymer. This 
frequency distribution can be analysed to determine an average molecular weight. 
There are a variety of methods to express molecular weight averages, such as weight 
average molecular weight, Mw (Equation 5.1), and number average molecular weight, Mn 
(Equation 5.2). Mw is sensitive to the presence of large molecules, while Mn is highly 
sensitive to the presence of small molecules. The ratio MwlMn is used as an indication of 
the breadth of the molecular weight range in a polymer. This ratio is called the 
polydispersity index and greater it is, the greater the distribution. Any system having a 
range of molecular weights is said to be 'polydisperse'. 
LWM Mw= I 1 
LW. 
(5.1) 
LnM Mn= ' , 
Ln; 
(5.2) 
where Mi = molecular weight, ni = number of each Mi, Wi = weight fraction = Mi ni 
Molecular weight averages and physical properties are linked. They influence the 
mechanical properties of the polymeric materials, especially high strain properties such as 
tensile strength and elongation. Flow properties are also influenced by Mw, although in 
this work they had very little effect due to the high filler loading and low viscosity 
polymer being used [141]. 
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Table 4.13 compares the influence of the matrix type on the Mw, Mn and molecular 
weight distribution of the unreinforced composites. For composite 100 wt% PA66 
(1001010) compared to the standard (unprocessed 1001010) there was a drop in both Mn and 
Mw, and a slight increase in MwlMn indicating there was some molecular chain 
breakdown due to degradation. However for the filled composites there was a large 
decrease in Mn and a smaller decrease in Mw indicating relatively greater degradation. 
This seems to indicate a large increase in small molecular weight chains, with a 
subsequent drop in large molecular weight chains. The MwlMn distribution further 
confirmed the above with a increase in the molecular weight range. It was not surprising 
that the filled composite was more degraded than unfilled 1001010, which was due to the 
filler increasing the viscosity, leading to excessive shear forces being developed. It was 
interesting to note that the 40IFL6010 had a relatively large drop in Mw compared to 
401DP6010. This effect will be discussed in detail later (See Section 5.4.2). 
Comparing the average molecular weights for unlubricated and lubricated unfilled PA66, 
and DP filled composites, there appeared to be little difference, indicating matrix type had 
no influence. 
5.2.3 Rheology 
The incorporation of a filler into a polymer can give required mechanical properties, such 
as high stiffness. However, a major concern is that such an addition may increase the 
viscosity of the melt, which could cause extra cost and processing difficulty during 
composite manufacture. 
It has been shown that the models that are used for calculating the modulus can also be 
applied to viscosity. This was first successfully studied by Einstein [209) who considered 
the case of a dilute Newtonian suspension of rigid spheres. Einstein showed that the 
presence of spheres disturbs the shear flow field of the surrounding fluid in such a way 
that more energy is dissipated. If the system is not very dilute, particles interact with each 
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other to further increase the viscosity. When the particles are not spherical, the system 
becomes no longer Newtonian. Also, the molten polymer already has non-Newtonian 
tendencies due to its long molecular weight chains and the presence of functional groups 
[210]. Most thermoplastic polymers are classed as pseudoplastics (or shear-thinning 
materials) which have a decreasing viscosity with increasing shear rate. The viscosity of a 
Newtonian fluid is independent of both shear stress and shear rate. 
Comparing lubricated and unlubricated unfilled matrices (Figure 4.22) it was apparent that 
the lubricant reduced the shear stress at the same shear rate. This was probably due to the 
lubricant allowing easier passage of the polymer chains through the flow field, thus 
lowering the shear stress. The lubricant migrating to the capillary wal1s would also be a 
factor. 
For the fil1ed composites, the lubricated matrix again lowered the shear stress at the same 
low shear rates. The lubricant again al10wed easier passage of the polymer chains, and 
filler particles through the flow field. Because the fillers had a high surface energy, there 
was a good possibility of the lubricant adsorbing onto the fillers surface. However, if this 
were the case, there was still a measurable lubricating influence. 
5.2.4 Flexural Properties 
As stated in chapter two (Section 2.2.3), it is well known that the addition of a fil1er to a 
matrix increases its stiffness and therefore its modulus [119, 122, 123, 145, 147]. 
Composite modulus is the easiest mechanical property to estimate because it is a bulk 
property that primarily depends on the geometry, modulus, particle size distribution, and 
filler content. Composite strength is more difficult to predict because it is dependent on 
local matrixifil1er interaction, packing properties, and also spatial distribution. 
The flexural moduli of the fil1ed composites (Table 4.19) were from approximately 2.5 to 
4 times greater than for the unfilled PA66. This was due to the magnesium hydroxide 
188 
DISCUSSION 
having a very high modulus (approximately 60 GPa) compared to the matrix. During 
flexure the movement of the matrix was inhibited by the inflexible filler particles. 
The presence of the lubricant appeared to slightly drop the flexural modulus for unfilled 
and filled composites. For the unfilled PA66, this could be attributed to the lubricant 
allowing easier movement of the polymer chains through the matrix when under flexure. 
For the filled composites, the lubricant may also reduce the interaction between filler and 
matrix, allowing greater mobility of the filler particles. 
When comparing the deflection at break of unfilled PA66 and filled composites, it was 
noted that the latter had a much lower deflection. This was due to the filler particles 
acting as centres for stress concentration between which cracks could propagate, leading 
to premature failure .. The greater mobility of the matrix due to the presence of lubricant 
was further confirmed with a slight increase in extension. 
The flexural strength for the filled composites was lower than for unfilled PA66. Again, 
this was due to the filler acting as stress concentrators, and hence leading to premature 
failure at low loads. When comparing the cross sectional area of the unfilled PA66 with 
the filled composites, it was apparent that the cross sectional area had greatly declined; 
therefore there was less matrix to take the load. 
5.2.5 Impact Properties 
It is well documented [119, 141, 150, 178, 179] that filler morphology, loading and 
dispersion are the main factors influencing the impact strength of polymers. As has been 
stated in chapter two (Section 2.2.6), failure in a filled composite is often initiated by a 
flaw or defect, while the filler itself can act as a stress concentrator. One problem in 
predicting impact properties is related to the fact that filled composites behave in a 
viscoelastic manner and are therefore dependent on strain rate. Theories that are adequate 
at low strain rates such as in flexural testing are not necessarily appropriate at high strain 
rates. 
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The presence of a high filler content in a composite tends to lead to a brittle composite. 
For a ductile material, as stress is increased a point is reached, the yield stress, where the 
shear stresses cause the matrix atoms to slide over one another, leading to plastic 
deformation. In brittle composites the level of stress necessary to cause the molecules to 
slide is higher than the stress to cause them to break apart. Also relatively little 
deformation is required before the stress concentration gives rise to failure. 
Table 4.26 shows the influence of highly filled composites where all impact properties are 
reduced by the presence of the filler. 
It would be expected the influence of the lubricant on the matrix of the unfilled PA66 
would increase both peak deflection and energy absorption. This was because the 
lubricant would aid the free motion of the polymer chains. The drop in peak force was 
also be expected because the lubricant would allow less inhibited chain motion, leading to 
plastic deformation at a lower level of stress. However, there was not a large enough 
difference between the matrix types to suggest any of the above. When comparing the 
influence of lubricant on the filled composite, again no trend was apparent, suggesting 
lubricant had little influence at high strain rates. 
5.2.6 Crystallinity 
For semi crystalline thermoplastics, morphological features such as the degree of 
crystallinity, spherulite size, lamella thickness and crystallite orientation have a marked 
influence on their mechanical properties. Such features are determined by processing 
conditions, and the presence of filler and fibres, which may act as heterogeneous 
nucleators for crystal growth [220). 
Table 4.30 examines the influence of matrix type on thermal properties of the composite, 
measured by differential thermal analysis. 
190 
DISCUSSION 
The crystallinity of the matrix (see Figure 4.31) was measured from the integrated melt 
endotherm (Tm!) of the DTA traces, and as such was a measure of the crystallinity of the 
injection moulded composites. This is not a measure of the ability of the matrix to 
crystallise, which is dependent on rates of cooling. 
An examination of a filled composite (Figures 4.31 to 4.32) DTA trace shows two heating 
cycles, from room temperature to 280°C; then slow cooling to 100°C (and cycled again). 
It indicated there was some differences in the shape of each melting endotherm. Firstly 
the small exothermic peak (or pre-melt crystallisation) that was apparent just prior to the 
first endotherm (Tm \ disappeared for the second heating cycle, Tm2. This was believed 
[200, 220] to be due to the rapid recrystallisation of the matrix during injection moulding, 
which created a stress in the amorphous region maintained by the crystals (and possibly 
filler if present). It had been claimed that such stresses, which result from differential 
shrinkage of the constituents upon rapid cooling, are highest for semi crystalline 
thermoplastics. On partial melting the strain relaxes, which released a small quantity of 
energy, appearing as a small exotherm in the DTA run. The reason why this occurred for 
the first heat cycle and not the second heating cycle was due to the difference between the 
cooling rates for the DTA runs (lOoC/min) and injection moulding (very rapid cooling), 
where the former cooling rate was so slow no stress was 'frozen' into the material. 
Another reason suggested for the small exotherm [197] was the slow heating cycle 
allowed a small amount of the recrystallisation to occur, which was not possible during the 
rapid cooling stage during injection mOUlding. 
It was also noted, that for the second and third heating cycles, double endothermic peaks 
appeared, instead of a single endotherm observed for the first heating cycle. This as above 
can be related to the cooling rate, and is connected to the existence of two kinds of 
crystallisation processes [200]. The more perfect crystal structure had a higher melting 
temperature as the main peak, while smaller secondary crystals (metastable crystals) were 
less perfect and melted to form the second peak at a lower temperature. These metastable 
crystals required a slow cooling process to form, which was possible in the DTA slow 
cooling run. As stated previously the mould temperature led to rapid cooling, which did 
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not give sufficient time for the formation of metastable crystals. The moulded composites 
would therefore contain only the more perfect higher melting crystals. 
When analysing the influence of filler on PA66 there appeared to be a decrease in the 
Tml, while for percentage melt crystallisation (XM\ there was little change. The 
recrystallisation temperature (Tc\ and percentage recrystallisation (XCi) also appeared to 
decrease for the filled composites, which suggested an 'anti-nucleating' effect. This 
influence of filler on the crystalline properties will be discussed in greater detail in Section 
5.4.8. There appeared to be little influence of the lubricant on Tml and Tcl, but there was 
an increase in XMI and XCi. 
5.2.7 Thermal Gravimetric Analysis 
The lubricated matrix had no influence on the degradation properties of both unfilled and 
filled composites, as compared to unlubricated. A comparison of the onset of degradation 
temperature of the unfilled PA66, all magnesium hydroxide fillers, and the filled 
composites (Figure 4.33) showed a substantial decrease for the latter. It was noted that the 
filled composite had two drops in weight, while the filler and unfilled PA66 only had one 
drop. It was assumed that the first weight drop was due to the filler degrading (which has 
a lower thermal stability), followed by the matrix. However, using FTIR (Figures 4.34 to 
4.35) to examine the degraded sample at the end of the first and second weight drop, the 
opposite was seen to occur. The first weight drop was in fact due to the matrix. 
At the end of the first curve the FTIR trace (Figure 4.34) indicated that many of the bands 
relating to the polymer had disappeared, which was not the case for the unfilled PA66 at 
the same temperature. It was also noted that there was still large hydroxyl bands present. 
At the end of the second drop, the FTIR trace (Figure 4.35) indicated that the hydroxyl 
groups of the filler had disappeared, and the alkyl groups of the polymer had considerably 
reduced. The above suggested that when magnesium hydroxide released small amounts of 
H20 it reduced the thermal stability of PA66, resulting in premature degradation of the 
polymer chains. 
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Wang [203] had studied the degradation of magnesium hydroxide filled polyamides using 
TGA, and came to the same conclusions when he measured the evolved gases using FTIR 
and mass spectrometry. 
5.2.8 UL94 
As mentioned in chapter two (Section 2.1.4), there has been a great deal of interest in 
magnesium hydroxide as a halogen free fire retardant since the early 80's. It is generally 
accepted that a loading of approximately 60 wt% is required to obtain adequate fire 
properties. For UL94 testing, the best rating is 'VD', and to achieve this the composite 
must extinguish after '10 seconds, have very little afterglow, and not produce burning drips 
which would ignite the cotton underneath. The test is very dependent upon thickness, as 
this influences rheology of the molten composite and heat adsorption of the test bar. The 
bars tested were 1. 6 mm thick which is the thinness the standard allowed. 
Table 4.36 shows the influence of matrix type on the fire properties of the composite 
according to the UL94 test. 
Unfilled P A66 gave a V2 rating (due to flaming drips) which was better than other purely 
hydrocarbon based polymers, such as polypropylene, which tend to be unclassified. This 
was mainly attributed to the very low melt viscosity of PA66 which dripped rapidly, 
removing heat away from the flame front; and eventually led to a 'snuffing out' of the 
flame. The 'snuffing out' effect was related to two factors. Firstly, as a drip was released 
the convection current of air to the flame front was disrupted, which can be seen by the 
flickering of the flame. If the flame was not burning strongly, then the disruption as 
described above extinguished the flame. Another factor could be as the molten composite 
dripped, it released smoke particles that entered the base of the flame, diluting the fuel 
present. 
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A further reason why a V2 rating was achieved was due to the nitrogen content of PA66 
which diluted the amount of hydrocarbon fuel present. Watson [ref. from 55] noted that 
for PAI2, the flame resistance dropped to HE because it had a higher hydrocarbon content 
thanPA66. 
With the addition of approximately 60 wt% filler loading, all composites achieved a VO 
rating, except for the lubricated FL filled composite. This would be expected due to the 
flame retarding action of magnesium hydroxide described in chapter two. Also important 
was the fact that the filler restricted the P A66 from dripping, due to an increase in its melt 
viscosity. This increase in viscosity for the filled composites had been shown in the 
rheological results. 
However the lubricated FL filled composite did drip burning material, which gave it a V2 
rating, even though it had the same filler content as unlubricated filled composite. This 
would suggest that the lubricant had lowered the melt viscosity sufficiently to allow the 
composite to drip while molten. 
5.2.9 Limiting Oxygen Index 
As stated in the experimental technique chapter, the LOl test measures the minimum 
concentration of oxygen in a flowing mixture of oxygen and nitrogen that will just support 
flaming combustion of a material. LOI is generally more sensitive to filler content, while 
UL94 is more sensitive to matrix rheology, since the specimen bars are ignited from the 
bottom. 
Table 4.41 shows the influence of the matrix on the fire properties of the composite 
according to the LOI test. 
The unfilled PA66 had a relatively high LOl compared to other unfilled polymers. Again 
this was related to it having a high nitrogen content, which did not have any fuel 
properties. With the addition of 60 wt% magnesium hydroxide there was an increase in 
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LOI of up to 100%. This is higher than what was found for magnesium hydroxide filled 
polypropylene and EVA which had increased LOI - 50% and 70% respectively [223]. 
The influence of lubricant on unfilled P A66 appeared to be very minimal, with a slight 
drop in LO!. For the lubricated FL filled composite there was a slight drop, while the 
lubricated DP filled composite increased by 8%. This could be partly attributable to a 
slight increase in filler content, although such a large increase in L01 was surprising. 
5.2.10 Fracture Analysis 
To assist interpretation of the influence of matrix type on the mechanical properties of 
polyamide composites, the fracture surfaces of the impact specimens were examined using 
scanning electron microscopy. 
When comparing unfilled PA66 fracture surface to the filled composites, it was noted that 
the latter tended to have a flat texture. A propagating fracture would take the path of the 
least resistance, therefore for a filled composite it would travel from filler particle to 
particle. This gave the fracture surface of the filled composites an even texture. 
An examination of the influence of the lubricant on unfilled and filled composites showed 
that there was no visible differences in the fracture surfaces for either types of composite 
other than what was described above. 
5.2.11 Dispersion Analysis 
The dispersion of filler particles was examined using scanning electron microscopy and 
hydrochloric acid to etch away the filler leaving holes in the polished matrix surface. This 
was an easier way to examine the dispersion and orientation of the filler particles than 
looking at a fracture surface. 
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The influence of the lubricant in the matrix appeared to have no noticeable influence as 
compared to unlubricated. There was good dispersion of the filler particles for all 
composites. However, DP filled composites (for example, Figure 4.62) showed some 
agglomerates, which were approximately ten microns in size. 
5.3 Influence of MatrixIFiIlerlFibre Ratio 
5.3.1 Compounding 
The processing characteristics of composites containing different matrix/filler/fibre ratios 
are shown in Table 4.6. The introduction of 20 wt% fibre to the matrix, had little 
influence on processing temperature and die pressure. The torque levels however, 
increased as more energy was required to move the screw at the same speed, because the 
fibres had increased the viscosity of the material. 
Several differences in processing characteristics were noted when the filler was replaced 
with fibre (i.e. decreasing filler/fibre ratio); where the torque, die pressure and processing 
temperature all decreased. Glass fibres has a lower volume content than magnesium 
hydroxide filler at the same weight, subsequently decreasing the total volume of filler and 
fibre present. The overall surface area present for filler plus fibre also decreased when the 
filler/fibre ratio decreased, thus lowering the shear energy produced. It was also noted that 
with decreasing filler/fibre ratio the processibility of the composite improved (i.e. the 
strand breakage reduced, and filler was easier to introduce into the barrel). The main 
causes of such extrudate strand breakage was a combination of the presence ofa high filler 
loading weakening the strength of the strand; and erratic output of extrudate from the die 
which caused the strands to stretch and break. The reason for the latter problem could be 
attributed to difficulties in introducing high filler loadings through the side feeder. With 
less filler being fed through the side feeder the temperature spiking was alleviated and the 
strength of the strands improved. It should be also noted that the glass fibre was already 
incorporated in the matrix, thus further lowering the energy required to wet the fibres. 
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At constant fibre/matrix ratio with increasing filler content, all processing characteristics 
increased, with decreased processability; predominantly due to the increased shear energy 
produced. 
5.3.2 Fibre Length Analysis 
The unprocessed HG50HSL material in Table 4.16 refers to the pellets containing 50 wt% 
glass fibre supplied by Du Pont, and were used to examine the influence of processing 
upon average fibre length. It was apparent that the average fibre length was virtually 
halved for the processed glass filled only composites 80/0120 (190 /lm) and 90/0/10 (Table 
4.17,229 /lm), as compared to unprocessedHG50HSL (382 /lm). 
When examining the graph (Figure 4.17) showing the fibre length of glass only filled 
composites, the broad distribution of HG50HSL became narrower when processed. The 
distribution for the glass only filled composites containing 20 wt% fibres was narrower 
than the 10 wt% fibre composite, which maybe attributed to interaction of fibres with each 
other, leading to further fibre break up. This was further confirmed by the decrease in 
average fibre length for the 20 wt% fibre filled composite compared to 10 wt% composite. 
As expected with the introduction of filler, the average fibre length decreased even further 
due to the increased attrition of filler on fibre. As the filler/fibre ratio was increased the 
average fibre length also decreased. Figure 4.18 indicates the influence of filler/fibre ratio 
on filler length distribution, which appeared to be fairly constant, except for 401DP55/5 
which was narrower. All the distribution curves shifted to lower fibre lengths with 
increasing filler/fibre ratio. This indicated that for the higher filler loadings there was 
such high levels of attrition that hardly any long fibres remained. 
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5.3.3 Rheology 
It was apparent that decreasing the filler/fibre ratio (Figure 4.23) decreased the shear stress 
at the same shear rate. Several factors could be responsible for this trend. 
Firstly, decreasing the filler/fibre ratio resulted in an overall decrease in volume content of 
filler and fibre, and overall surface area. There would be less interaction of the filler and 
fibres with the matrix, and with each other, leading to a decrease in shear stress. 
Another factor was the influence of fibre orientation on shear stress. Because short fibres 
have high aspect ratios they tend to orientated with the flow field [134, 184, 211]. This 
would decrease "shear stress compared to randomly orientated fibres due to a lower 
opposing influence on the flow field. Although DP had a high aspect ratio for a 
magnesium hydroxide, it substantially lower than for the short fibres. 
5.3.4 Flexural Properties 
Table 4.20 examines the influence of matrix/filler/fibre ratio on flexural properties. 
The glass only filled composite 80/0120 showed the reinforcing influence of short glass 
fibres. The glass fibres exert their influence by restraining the deformation of the matrix 
as shown in Figure 2.9 (chapter two), and by sharing part of the load. Under flexural 
loading the stress applied through the matrix was transferred to the fibres by the shear at 
the interface. The interfacial adhesion between matrix and fibre was further enhanced by 
the presence of the fibre's silane coupling agent, which would allow a greater load to be 
taken by the fibre. The glass only filled composite exhibited an increased flexural strength 
and deflection at break, while the stiffness of the material also increased. Examination of 
the glass fibre ends (for example Figure 4.48) after flexural testing showed the presence of 
matrix materials, indicating that there was good interfacial adhesion between fibres and 
matrix, and that the fibres were pulling out rather than breaking. This would suggest that 
the fibres were below their critical length lc. 
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Examination of the influence of filler/fibre ratio, as the filler was replaced in 5 wt% steps 
with fibres the flexural strength, flexural modulus and deflection at break increased. The 
reinforcing influence of the fibres due to their much higher aspect ratio was apparent when 
compared to the filler, who aspect ratio was relatively much lower. The increased 
interfacial adhesion between the fibre and matrix would also increase the strength, 
allowing a greater transfer ofload from matrix to fibre. 
It was interesting to note that the flexural modulus decreased with increasing filler/fibre 
ratio. A 'rule of mixture' approach would have suggested that replacing 5 wt% filler with 
a similar amount of fibre should have resulted in a small decrease in modulus. However 
as stated in Section 2.2.4 (chapter two), such models as the 'rule of mixture' are unreliable 
because of the various properties held by the filler, fibre and matrix. The main reason for 
this modulus increase could be due to greater orientation of the fibre when added with the 
filler, as compared with the filler alone. Both Murthy [148] and McGenity [208] have 
shown relatively high aspect ratio fillers such as mica and talc produced large increases in 
the modulus due to greater orientation of the filler particles. Both Cook [218] and 
Raymond [204] have shown that DP filler does have some degree of orientation in the 
matrix. However glass fibre has a much higher aspect ratio, and therefore should orientate 
more effectively. The interfacial adhesion between the fibre and matrix due to the silane 
coupling used could be a contributory factor, as discussed in Section 2.4.3. 
5.3.5 Impact Properties 
Table 4.27 shows the influence ofmatrixlfiller/fibre ratio on impact properties. 
It was previously stated that the presence of filler can be detrimental to strength and 
toughness properties, however with glass fibres other factors need to be taken into 
account. Firstly, adhesion between fibre and matrix was strong due to the silane coupling 
agent which allowed the interface to take a higher shear stress, as discussed previously. 
Secondly as previously stated, for low strain rate flexural testing, the fibres pulled out 
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rather than broke during fracture. At high strain rates SEM photographs (Figure 4.48) 
showed that the fibres were being pulled rather than broken during fracture. This would 
increase energy absorption due to the energy required for debonding and pulling of the 
fibre from the matrix. 
In such a situation the work of pulling the fibres out against the interface friction can 
account for a large part of the total impact energy. Cooper [ref from 180] has shown that 
the maximum impact energy for short fibre composites is obtained when the fibres are of 
critical length, le. 
The drop in peak deflection for glass filled only composite compared to unfilled PA66 
indicated that the fracture was achieved with less deformation. The strong interfacially 
adhered fibres are restricting the motion of the matrix, thus fracture occurred before 
extensive deformation of the matrix. 
An examination of the influence of fillerlfibre ratio showed that increasing the ratio, 
decreased all impact properties. As explained previously high aspect ratio fibres would 
increase the strength compared to the relatively low aspect ratio DP filler. Also the fact 
that filler was being replaced with fibre which had a stronger interfacial adhesion, would 
increase all properties. 
The effectiveness of crack propagation restriction and composite strength is influenced by 
fibre length. Fibre length analysis (Section 5.3.2) had shown that the average fibre length 
increased with decreasing filler/fibre ratio, which suggested an improvement in both 
impact strength and impact energy i.e. the longer the fibre, the higher the shear stress it 
would take before debonding, and also the more energy required to pull it from the 
fracture surface. 
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5.3.6 Tensile Properties 
Table 4.23 examines the influence of matrix/filler/fibre ratio on tensile properties. 
When comparing tensile and flexural properties the trends appeared very similar. An 
examination of the influence of filler/fibre ratio showed that as the ratio was increased, 
tensile strength, tensile modulus and extension at break decreased. 
Again this was attributed to the reinforcing influence of the high aspect ratio fibres when 
compared to the low aspect ratio filler. Also the greater interfacial adhesion between the 
fibre and matrix, due to the coupling agent on the fibre would increase the strength. 
5.3.7 Crystallinity 
Table 4.31 shows a summary of the examination of the influence of filler/fibre ratio on 
thermal properties of the composites using differential thermal analysis. 
The difference in filler/fibre ratio appeared to have little influence on melting properties 
Tm! and XM!. The recrystallisation properties, Tc! and XC! appeared to decrease and 
increase respectively with decreasing filler/fibre ratio. 
The presence of fibres can influence crystal growth, restricting it to the fibre direction, so 
that a columnar layer, known as 'transcrystallinity', will develop and enclose the fibre. 
This growth is dependent on the nucleation capacity of the fibre surface, which is 
substantially dependent on chemical similarity between matrix and fibre, the presence of a 
flow field due to processing conditions, the level of surface free energy, and the presence 
of a temperature gradient between fibre and matrix due to a mismatch in thermal 
conductivity [221]. The transcrystalline layer has been shown to diminish the processing 
related thermal stresses that are detrimental to some composites. Klein [220] suggested 
that in carbon fibre filled polyetheretherketone the presence on transcrystallinity improved 
the static strength by more than 20% and prolonged the fatigue life by more than three 
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order of magnitude. It was thought that its particular orientation relative to the fibre 
direction, coupled with its invasion of a high fraction of the matrix lowers the thermal 
expansivity mismatch of the constituents. 
The increase in crystallinity with increasing fibre content could be attributed to an 
increase in the presence of transcrystalline regions. The decrease in filler/fibre content 
would also lower the influence on mechanical properties, because of the lower production 
of small crystals. 
5.3.8 UL94 
Table 4.37 and Figure 4.39 show the influence of matrixlfillerlfibre ratio on the fire 
properties of the composite as measured using UL94. 
The poor fire properties for glass only filled polyamides can be seen for the composite 
8010/20. All the bars burnt were totally consumed, burning up to the clamp. Although it 
dripped during burning, this was less apparent than with unfilled P A66, which would 
suggest less heat was removed from the molten matrix. Glass is also known to be a better 
heat conductor than the matrix which causes the composite to absorb heat more rapidly 
[222]. When magnesium hydroxide was also compounded with glass fibre, the fire 
properties were markedly improved. 
The composites 401DP60/0 to 401DP45/15 all obtained a VO rating. When the filler/fibre 
ratio was decreased there was a increase in both first and second flame times. This can be 
seen in Figure 4.39 where composites C (40IDP60/0) to F (40IDP45/45) showed signs of 
increasing burn marks up the bar. This was due to less flame retardant being present, 
allowing the composite to burn to a higher degree .. The lowest filler/fibre ratio composite 
(40IDP40/20) achieved a V2 rating due to flaming drips, caused again by the lower flame 
retardant content, and because of the drop in melt viscosity. The latter was confirmed by 
the rheological results reported in Section 4.3.4. It can be seen from Figure 4.39 CC to F) 
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that there was a slight increase in drawing of the molten matrix, which eventually lead to 
G (40/DP40/20) dripping flaming material. 
It was interesting to note that the glass only filled composite (B) had a spear-like head due 
to rapid dripping, and that it was covered in black carbon soot. It was also noted that the 
presence of black carbon in the char increased when the filler/fibre ratio was decreased. 
The lack of soot in the magnesium hydroxide filled bars can be attributed to the smoke 
suppressing properties of the filler [4-6]. These include the catalytic oxidation of the 
carbon to carbon dioxide gas. The black carbon char increased with decreasing filler/fibre 
ratio, because there was less magnesium hydroxide to oxidise the carbon. 
5.3.9 Limiting Oxygen Index 
Table 4.42 and Figure 4.43 show the influence of matrix/filler/fibre ratio on the fire 
properties of the composites using LOl. 
For the glass only filled composite there was a drop in LO! of 6% compared to unfilled 
PA66, even though the 20 wt% glass fibre was diluting the matrix. However as stated 
previously for UL94, the glass increased viscosity, inhibited dripping; and it also 
conducted heat into the bar. 
When examining the composites which contained fillers and fibres there was a large 
increase in LO! compared to the glass only filled composite, due to the additional diluent 
and flame retarding influence of magnesium hydroxide. With decreasing filler/fibre ratio 
there was initially a drop in LOI, which subsequently improved for 40/DP50/1O to 
40/DP40/20 composites. This was attributed to the production of a char cap, which 
seemed to increase in size and hardness (see Figure 4.43) as the filler/fibre ratio was 
decreased. It was believed that the glass was having a reinforcing influence of the char, 
thus making it more stable, with no apparent spalling. The char acted as a heat barrier, 
and also reduced the flow of fuel to the flame front. The LO! test is often known to be 
sensitive to char formation [119). 
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5.3.10 Fracture Analysis 
The glass only filled composite (Figure 4.47) had a very similar uneven texture like the 
unfilled PA66, compared with the even surface of the filled composites. This was because 
the relatively long fibres would have some resistance to fracture, sometimes causing it to 
propagate around the fibres. Also compared to highly filled composites, the glass only 
filled composite contained a low loading, with good fibre dispersion; therefore the 
propagating fracture would not travel directly from fibre to fibre. Closer investigation of 
the fibre ends (Figure 4.50) showed the presence of matrix material indicating they were 
pulled rather than broken during fracture. The same trend was apparent for all the 
magnesium hydroxide and fibre filled composites. 
An examination of the fibres for composites 401DP55/5 to 401DP40/20, showed that all 
had orientation in the flow direction. It was also noted that the low fibre content 
composites had very short fibres protruding from the surface, while the opposite was 
found for the high fibre content composites. This suggests that the fonner had fibres with 
shorter lengths (confirmed with fibre length analysis), attributed to the higher filler 
content, which caused greater fibre destruction during processing. 
5.3.11 Dispersion Analysis 
The matrix/filler/fibre ratio had no noticeable influence on filler dispersion. There was 
good dispersion of the DP filler particles, although there was some agglomeration, which 
did not change when the filler/fibre ratios were altered. 
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5.4 Influence of Filler Content 
5.4.1 Compounding 
For comparison the processing characteristics are contained in Table 4.7. With every 10 
wt% increase in FL filler, there was an approximate 5 wt% increase in torque. The die 
pressure showed little change until 40 wt% FL filler was introduced. At 60 wt% FL filler 
loading, the die pressure became erratic indicating a variation in throughput. This was 
further confirmed by temperature spiking. Again at these loadings there was a problem 
feeding filler through the side feeder, and the extrudate strands regularly broke. 
Examination of the processing temperature along the barrel revealed some interesting 
results. While the die (section 1) and middle section (section 3) of the barrel showed an 
increase in temperature with increasing filler content, section 5 (the position where the 
side feeder was attached to the barrel), showed an initial increase in temperature, before 
decreasing for composites with filler content higher than 40 wt%. The filler was only 
introduced through the side feeder for filler contents higher than 30 wt%, so it seemed that 
the addition of filler in that section ofthe barrel was having a cooling effect, before raising 
the temperature further down the barrel. 
5.4.2 Molecular Weight 
Table 4.14 compares the influence of increasing the loading of FL filler on the Mw, Mn 
and molecular weight distribution in filled composites. 
With increasing filler content there was a subsequent decrease in Mw, Mn and molecular 
weight distribution; except at the highest loading 30IFL601l O. The decrease in Mw, Mn 
indicates increasing degradation of the polymer chain lengths. However, closer 
examination of the Mw and Mn values showed the former decreased more dramatically 
with increasing filler content. Here it was apparent that there was a decrease in the long 
molecular weight chains, with increasing filler content. 
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It was interesting to note that the MwlMn distribution decreased with increasing filler 
content. It was believed that an increasing MwlMn distribution can show degradation was 
taking place [197], and to some extent in these composites it does. Typically 100/0/0 had 
a MwlMn ratio of approximately 2, indicating that there was a low distribution of chain 
lengths.. While in the filled composites this distribution increased due to degradation. 
However if the degradation was uniform, the MwlMn distribution would remain low, 
which could explain why the decrease in the MwlMn distribution with increasing filler 
content. 
For the 30IFL601l0 composite Mw was slightly higher than for 50IFL40/10, while Mn was 
higher than unfilled 90/0/10. However, some doubt had already been raised about 
3 OIFL601 1 0 results as they did not fit the trend for increasing filler content in other tests 
such as mechanical properties. This suggested the 30IFL60/10 results were not reliable. 
5.4.3 Fibre Length Analysis 
Table 4.17 shows the influence of filler content on average fibre length. It was apparent 
that with increasing filler content there was a subsequent decrease in average fibre length. 
This was attributed to the increasing attrition of filler upon the glass fibre during 
processing, as filler content was increased. Figure 4.19 shows the influence of filler 
content on the distribution of fibre length. With increasing filler content the distribution 
became narrower, and shifted towards lower fibre lengths. This suggested attrition 
increased with increasing filler content, and the fibre length became more uniform. 
5.4.4 Rheology 
Generally the increase in filler content increased the shear stress of the matrix (Figure 
4.24), at the same shear rates. These results were in accord with other workers, for 
example in Ti02 filled polyethylene composites [142], the magnitude of the viscosity 
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increase was a function of shear rate, and filler loading. At low shear rates the shear stress 
difference was greater than at high rates, with maximum viscosity always recorded for the 
highest filler loadings. 
The difference in shear stresses up to 40 wt% filler content appeared to be generally 
constant. Above this there was substantial increase in the shear stress at low shear rates, 
especially for the highly filled composite 301FL601l O. This could be attributed to a much 
greater degree of filler - filler interaction which disrupted the flow field further, increasing 
the shear stress. 
The 'critical yield stress' is a typical property of highly filled composites. Below the 
critical yield stress the composite acts like a solid, i.e. it deforms only elastically, while 
above critical yield stress it can flow [122]. Suetsugu [216] found that for flow to occur a 
critical yield stress had to be reached, which had been found to increase with decreasing 
surface area and increasing volume fraction loading. 
5.4.5 Flexural Properties 
The influence of filler content on flexural properties can be seen in Table 4.21 and Figure 
4.27. 
As the filler content was increased, there was a increase in the flexural modulus. Because 
of the increased filler content and distribution of filler in the matrix, the movement of the 
matrix was more restrained by the higher modulus filler. 
Figure 4.27 shows the influence of filler content on the deflection at break. It showed a 
steep decrease in deflection between 80IFLIOll0 and 501FL40/10, which is indicative of a 
ductilelbrittle transition. 
Flexural strength initially increased with filler content, but eventually decreased above 30 
wt% filler loading. This Bigg [145] described as 'upper bound response' and is indicative 
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of good interfacial a~hesion between matrix and filler. The 30 wt% filler loading was the 
critical filler content, above which other factors such as filler stress concentration and 
reduced cross sectional area of the matrix, became deleterious to the flexural strength. As 
the amount of relatively ductile matrix was reduced, more load must be carried by the 
filler particles. 
The influence of fibre length would also be a factor, where increasing filler content had 
reduced the average fibre length (Section 4.3.3), reducing its reinforcing influence. 
5.4.6 Tensile Properties 
Table 4.24 show the influence of filler content on tensile properties. 
When examInIng tensile modulus, it can be seen that increasing the filler loading 
increased the modulus, due to higher filler content restricting the lower modulus matrix. It 
was also noted that the modulus increased at a higher rate as the filler content was 
increased. The same trend was noted for f1exural modulus, but not to the same extent. 
The tensile strength differed from the f1exural strength in that the latter there was a 
noticeable increase up to 30 wt% filler loading, while the former remained unchanged up 
to 30 wt% filler loading. Although not as obvious the tensile strength results are still 
showing an 'upper bound' response. 
5.4.7 Impact Properties 
The influence of filler content on impact properties can be seen in Table 4.28 and Figure 
4.29. 
Above 20 wt% filler loading there was a substantial decrease in both peak force and peak 
energy, as shown in Figure 4.29. This was again indicative of a ductilelbrittle transition. 
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The deformation of the matrix became more difficult with increasing filler content, and 
the sites of stress concentration greatly increased, initiating failure. Another factor would 
be the average fibre length (Section 4.3.3), which appeared to decrease with increasing 
filler content, thus supporting less load and contributing to lower impact energy. 
5.4.8 Crystallinity 
Table 4.32 to 4.34 examine the influence of filler content on the thermal properties Tc, 
Tm, XM, and XC, and also the rate of recrystallisation (Tp-Tc). This recrystallisation data 
has been presented for both first and second cooling (Tables 4.33 to 4.34) temperature 
cycles. 
With increasing filler content there was a subsequent decrease in melt temperature (Tm) 
for all heating cycles, and the melt crystallisation (XM). This could be due to the FL filler 
creating lower temperature melt crystals, or the lower molecular weight average that 
decreased due to increasing filler content. A decrease in Tc and Tm has been shown to be 
attributed to a decrease in molecular weight [55, 197]. 
It was noted from the recrystallisation properties that both Tc and XC, for both first and 
second cooling cycles decreased with increasing filler content. This was initially 
surprising because the presence of a filler would generally act as a nucleating agent, which 
would cause the recrystallisation to occur at a higher temperature. 
An explanation why both these melt and recrystallisation thermal properties did not follow 
the normal filler nucleating behaviour could be because the matrix degraded, due to the 
release of H20 from the magnesium hydroxide. Therefore, when the filler content was 
increased more H20 was released at the high temperature end of the heating cycle, leading 
to increased degradation. This was further confirmed by the fact that the differences 
between Tm I, Tm2 and Tm3 increased with increasing filler content, which can be seen in 
Figures 4.31 to 4.32. The rate ofrecrystallisation (Tc-Tp) seems to be also influenced by 
the filler content. It appeared to decrease with increasing filler content which was the 
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opposite to what would be expected, because the filler particles present would act as extra 
sites for nucleation. 
The H20 fonned allowed amide groups to be hydrolysed to fonn carbon dioxide, ammonia 
and more H20, thus breaking the molecular weight chain down: 
o H 
11 1 
-C-N--
-----... - COOH + H2NCO-
2 (--eOOH) ------i... -Co- + CO2 + H20 
2( -NH2 ) -----1.. -NH- + NH. 
The peptide bond -C-N- is the weakest link in the chain, and may easily break. The H20 
released could be bound water to the filler surface, which was not removed during drying, 
prior to DTA analysis. Isothennal work using TGA on FL filler (at 280°C) showed there 
was a trace amount of H20 released. Another indicator showing increased degradation 
had taken place, was due to the increased breadth of the recrystallisation curve with 
increasing filler content. This breadth increased even further on the 2nd cooling cycle, 
suggesting the polydispersity was increasing due to degradation. 
The theory that substantial degradation of the matrix was occurring was further confinned 
by examination of the material after a DTA run. The 90/0110 composite tended to 
discolour, while 30IFL6011 0 would be covered in carbon char. 
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5.4.9 UL94 
Table 4.38 and Figure 4.40 show the influence of filler content on the fire properties of the 
composite using UL94. 
The 40 wt% FL filled (plus 10 wt% fibre) composite dripped flaming material which 
ignited the cotton, which gave a V2 rating. Above these loadings a VO rating was 
achieved mainly due to an increased level of flame retardancy and greater melt viscosity, 
which prevented dripping. In Figure 4.40, the 40 wt% FL filled composite showed the 
typical spear like head due to dripping. Again the bars are all at the same level, which 
showed that as the filler content was increased, less drawing occurred. 
The flame times were expected to increase with decreasing filler content, which they did 
for the first flame time. However for the 40 wt% filler content composite, the second 
flame time was virtually halved compared to 50 wt% filled composite. This could be 
attributed to material dripping which caused the snuffing out effect of the flame described 
previously. 
5.4.10 Limiting Oxygen Index 
Table 4.43 and Figure 4.44 to 4.45 show the influence of filler content on the fire 
properties of the composites, as measured using LO!. 
For glass only filled composites the LOI was lower than for unfilled PA66, because of the 
heat conductivity, and increased viscosity. There was only a slight increase in LOI up to 
30 wt% (40 wt% total loading) filler loading. With additional filler content there was a 
large increase, before it again levelled out. The large increase was due to the formation of 
a char cap at 40 wt% filler loading. 
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Figure 4.44 shows the influence of filler content in producing char. For 40 wt% filler 
loading (C) and above (D, E), a char cap is produced, while below 40 wt% no cap was 
produced. 
Work by Case and J ackson [ref. from 119] examined the difference between increasing the 
filler content for inert fillers such as CaC03 against flame retardants such as ATH. The 
former produced a small but significant increase in LOI, becoming more pronounced at 
high loading. The ATH however had a greater influence, increasing the LOI rapidly and 
non linearly above 40 wt% filler loading. 
Gal [112] deduced that the heat of combustion of hydrated filled matrix would decrease 
linearly with increasing filler content. As LOI increases linearly with the decrease in heat 
of combustion, the former should increase linearly with increasing filler content. However 
LOI, is sensitive to the quantity of heat transmitted back from the flame to the unbumed 
sample, which propagates fuel production. Char that forms a cap at the flame front, would 
reduce this feedback, and therefore increase LOI non-linearly. 
5.4.11 Fracture Analysis 
Examination of the fracture surfaces with increasing filler content showed that samples 
with 10 wt% glass only filled composite to 30 wt% FL filled composite had an uneven 
texture. From 40 wt% filled to 60 wt% filled the texture was even, however the 50 wt% 
and 60 wt% filled composites surface was not flat due to the presence of cracks (for 
example, Figure 4.49). 
Closer examination of the cracks revealed them to be shrinkage cracks indicated by the 
long strands of matrix. These were created during the cooling phase of injection 
moulding, which caused the crack to open and the matrix to draw and break. Shrinkage 
cracks were also found in KA filled composites, and had been attributed to both fillers 
platy characteristics. Figure 4.52 shows a view looking directly at the surface of the crack, 
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which indicated staked plates of magnesium hydroxide filler, orientated in the same 
direction as the flow of material during injection moulding. 
Mould shrinkage is dependent on all mo.ulding variables to some degree [55]. Increasing 
injection hold-on pressure, screw forward time, and melt temperature decreases shrinkage; 
while increasing mould temperature and part thickness increases shrinkage. The above 
variables would also influence crystallisation, packing and the orientation of polymer and 
filler. 
Magnesium hydroxide filler has a lower thermal contraction coefficient than the matrix. 
Generally the addition of filler lowers the thermal contraction coefficient and thus mould 
shrinkage. However, platy high aspect ratio fillers which have orientated in the mould 
flow direction, would result in anisotropic mould shrinkage. Also the impact bar depth 
dimension which was in parallel with the shrinkage crack was greater than its width. 
5.4.12 Dispersion Analysis 
Acid etching had shown for all filler content good dispersion of the filler particles, and 
there was no agglomeration present. It was also noted that for all the composites the filler 
showed a high degree of anisotropic orientation in the mould flow direction (for example, 
Figure 4.51). 
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5.5 Influence of Filler Morphology 
5.5.1 Compounding 
For the purpose of comparison the processing characteristics are contained in Table 4.8. 
When considering the influence of uncoated filler morphology, the DP filled composites 
had the highest torque, die pressure, processing temperature, and were the most difficult to 
produce. There was some difficulty feeding the DP filler through the side feeder attached 
downstream of the barrel, due to its Iow packing density. Also the extruded composite 
strands tended to break, due to poor wetting, filler agglomeration and DP's Iow packing 
density. The higher processing characteristics can be attributed to DP's high surface area 
(and increased number of filler particles), which created greater shear energies, due to 
interparticular friction and polymer shear. 
The influence of surface area on processing characteristics was further confirmed when 
comparing 35IDP50/15 with 351H5501I5, which had the lowest surface area filler. For the 
latter, all the processing characteristics were notably lower, and processability easier due 
to its greater packing density. The fillers TU, KA and FL surface areas were between 
those ofDP and H5, and not surprisingly had processing characteristics between both the 
fillers. Distinguishing between the three was difficult as the processing characteristics 
were very close. Torque for example appeared to drop with decreasing surface area while 
the other properties did not vary in any specific order with filler surface area. Probably the 
morphologies were too similar to allow any differences in processing to be noted. 
5.5.2 Molecular Weight 
The influence of filler type on Mw, Mn and molecular weight distribution can be found in 
Table 4.15. 
When examining the molecular weight averages for filled composites, it was noted that 
Mw values for 35IDP501I5 and 351H5501l5 were similar, while there was approximately a 
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1500 decrease for the 35/FL50/15 composite. This would suggest a large decrease in the 
long molecular weight chains for the FL filled composite, because Mw is sensitive to the 
changes in long molecular weight chains. It was interesting to note that for the FL filled 
composites the Mw had been low in all tables. A possible reason may be the lower 
thermal stability of the FL filler shown by thermal analysis (Section 5.2.7) which could 
result in a greater hydrolytic degradation during compounding. The Mn values for the 
uncoated filled composites were similar. 
5.5.3 Fibre Length Analysis 
Table 4.18 shows the influence of filler type on average fibre length. When comparing 
composites 351FL50/15, 351KA50115 and 35ITU50115 it was observed that they had very 
similar average fibre lengths. However when 35IDP50/15 and 351H550115 were compared 
the fibre lengths exhibit a difference of 34 microns. This difference could be attributed to 
the relatively large difference in surface area between fillers. The DP filler had a larger 
surface area (and higher number of particles) compared to H5 filler, thus there was a 
greater surface present for the glass fibre to interact with, leading to greater attrition of the 
glass fibres. This would also explain why FL, TU and KA filled composites (which had an 
intermediate surface area), had average fibre lengths between DP and H5 filled 
composites. 
Figure 4.20 examines the influence of filler type upon the fibre length distribution. All 
have similar distribution except 351H550115. The 351H550/15 composite distribution was 
broader and more comparable to the uncompounded material, thus indicating less attrition 
on the glass fibres. 
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5.5.4 Rheology 
Figure 4.25 illustrates the influence of filler morphology on rheological properties. 
Generally it appeared that increasing specific surface area of the filler, increased shear 
stress at the same shear rates. 
The influence of particle size on shear stress depends on the ability of particles to 
immobilise the molten matrix and thus restrict the flow field. According to Hertlein [212], 
a greater amount of melt becomes bound to the filler particles with decreasing particle size 
(i.e. higher surface area) and is thus immobilised. This would generally explain the trend 
(except 35/TUSO/1S) found for the composites, where DP had the highest shear stresses 
due to having the smal1est particle size. 
However, surface area is not the only influencing factor as found by Hornsby [143] who 
investigated the rheology of magnesium hydroxide in polypropylene. He found that 
increasing the surface area of the magnesium hydroxide did not increase the shear stress, 
but that the morphology was the major influencing factor. This may be the reason why 
3S!TUS0/15 had a much lower shear stress than 35IHS50/15 (which had a lower surface 
area thao TU), and that both composites had a greater rate of shear stress increase with 
increasing shear rate than the other composites. In fact 3SIH550/1S had a higher shear 
stress thao 3SlKA50/15 and 3SIFL50/1S at the highest shear rate. 
The reason for the 3S/TU50115 having a lower shear stress than 35IHSSO/lS could be 
attributed to the 'roundness' and e\liptical cross section of the TU filler particles (see 
Figure 4.6) compared to the HS fillers which are more angular in appearaoce. This would 
lower the influence of the filler particles on the flow field, allowing ao easier passage. 
The reason why 3SIH550/15 aod 351TU50/15 had a shear stress which increased at a 
higher rate than the other fil1ed composite could be explained by the platiness of the other 
fil1ers. Boaira [193] reported a decrease in viscosity with increasing shear rate in mica-
fil1ed polypropylene. This behaviour, like that found for high aspect ratios fibres, was 
related to the platelets realigning into an orientation more favourable to the flow field. 
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Malik [214] observed the same for mica filled polyethylene. At low shear rates the 
particles had an orientation opposing the flow field, while at high shear rates, the particles 
aligned into the flow field direction, which contributed to a viscosity decrease. 
The above was further confirmed when examining the acid etched composite surfaces 
(Figures 4.60 to 4.67), which showed that fillers other than H5 and TU were aligning in 
the flow direction at high mould injection speeds, lowering shear stress. However, the H5 
and TU fillers appeared to rotate in the flow field, which in rheological terms would 
absorb energy, thus increasing shear stress. 
5.5.5 Flexural Properties 
Table 4.22 and Figure 4.28 compares the influence of filler morphology on flexural 
properties. 
When comparing the modulus of the composites containing the uncoated fillers the 
modulus increased in the following order: 
H5 < DP < TU « KA < FL 
The much higher modulus for KA and FL could be due to the platiness of the filler particle 
as seen by STEM (Figures 4.3 and 4.5). Many authors [119, 148,204,208,217] have said 
that increasing the aspect ratio of the filler increases the modulus, because of the greater 
proportion of filler particles orientated in the flow direction, which is the direction of the 
applied stress. The modulus for DP was surprising as it was also considered to be a high 
aspect ratio filler and it had been shown by Cook [218] and Raymond [204], using XRD to 
be orientated in the polypropylene matrix. The lower than expected modulus could be 
related to the high level of agglomeration which would lower the amount of orientated 
particles. Dispersion analysis performed on the DP filled composites had proved the 
existence of large agglomerates. 
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When comparing the flexural strength of the uncoated filled composites, it can be seen 
that all except DP had virtually the same value. It is generally accepted that strength tends 
to increase with decreasing particle size (148, 149, 170]. However this assume good 
distribution of the filler particles with no agglomeration, which was not the case with DP 
filled composites. It should also be noted that for DP the average fibre length was low, 
which would reduce its reinforcing influence (Section 4.3.3). 
5.5.6 Tensile Properties 
Table 4.25 compares the influence of filler morphology on tensile properties. 
When comparing the stiffness of the uncoated composites the tensile modulus increased in 
the following order: 
TU '" DP < H5 « FL '" KA 
Compared to flexural modulus some reordering had occurred, however the tensile 
modulus results are closer together and their standard deviations do overlap. The general 
trend was still for the relatively high aspect ratio platy particles, FL and KA to have the 
greatest stiffness due to increased orientation. The DP filler also had a relatively high 
aspect ratio, and would be expected to have a relatively high tensile modulus, however as 
with flexural properties this was not the case. As stated previously, this was attributed to 
the high level of agglomeration which would lower the amount of orientated particles. 
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5.5.7 Impact Properties 
Tables 4.29a to 4.29b show the influence of filler morphology on the impact properties. 
When comparing the impact peak force for the uncoated composites, the results increased 
in the following order: 
DP « H5 < TU < KA < FL 
It appeared that the more orientated platy particle filled composites, KA and FL had the 
higher peak force. The high peak force for these composite was surprising, because the 
SEM (Figure 4.52) had shown that they contained shrinkage cracks which might initiate 
premature failure. However it was more likely that the notch initiated failure, on the 
tensile face of the specimen. This was further confirmed when examining the influence of 
filler morphology on unnotched bars which indicated a large drop in peak force for the KA 
and FL filled composite. This time the shrinkage crack had initiated failure, because there 
was no notch. 
The peak force for DP filled composite was markedly lower than for the other filled 
composites, which was again mainly attributable to the presence of agglomerates. The 
presence oflarge agglomerates would have two main influences. Firstly Riley [178] has 
shown that large particles including agglomerates act as flaws where cracks can initiate. 
Secondly there would be relatively weak forces between filler surfaces of the agglomerate, 
and when situated near the loading point could initiate premature failure. It also had been 
reported [38] that with increasing dispersion the peak force increased, however small 
particles are difficult to disperse. The low average fibre length for the DP filled composite 
would also contribute to a lower peak force (Section 4.3.3). 
A comparison of impact energy for all the uncoated filled composites was difficult 
because of the large difference in peak deflection when both groups were tested on 
different occasions. Group one contained DP, FL and H5 filled composites; while group 
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two contained FL, KA, TU and H5 filled composites. However, it appeared the platy 
particle filled composites, FL and KA had a surprisingly high impact energy. 
This contradicts the findings of several authors [118,119, 178J who state that increasing 
stiffness (as shown by flexural and tensile modulus) lowers the impact energy. Riley [178J 
stated that high aspect ratio filler particles, which produce high stiffness composite, would 
inevitably cause high stresses in the polymer matrix near the particle edges, facilitating 
failure under impact. He proved this by comparing different aspect ratio fillers in 
po!ypropylene, which indicated high aspect ratio mica and talc had the lowest impact 
strength. He suggested that the edges of the mica platelets act as nucleators for crystal 
growth in polypropylene. Given the stresses and degree of crystallinity are high in these 
regions at the edges of high aspect ratio particles, it is likely to be severely detrimental to 
impact energy. Exainining the fracture surfaces indicated that for FL and KA filled 
composites, the particles were being pulled from the surfaces. This would also increase 
the impact energy. 
While the theory above is true for many composites, reduction in impact energy is not an 
inevitable consequence of increased stiffness. Cook [218] suggested that the orientation 
of the high aspect ratio filler particles, where the sharp edges were not in the direction of 
the applied load would effectively reduce stress concentration. There may also be some 
'blunting' influence on the crack because the relatively large plate-like face would be 
orientated in the direction of the fracture. 
Group two (Table 4.29b) shows that the uncoated DP filled composite had a markedly low 
impact peak energy, partly related to it having such a low peak force. The agglomerates 
that were present would also act as a path for the fracture to propagate, thus also lowering 
total energy. In addition the low average fibre length would contribute to the low total 
energy, because less energy would be absorbed when short fibres were pulled from the 
fracture surface. 
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5.5.8 Crystallinity 
Table 4.35 shows the influence of filler type on the thermal properties of the composite 
analysed using DT A. 
The thermal properties for all uncoated filled composites, all appeared very similar 
(except Tc for FL filled composites) to each other. This would be expected if filler and 
fibre content were the main factor for infl uencing these thermal properties. 
Trotignon [224] commented that the filler structure and morphology are more important 
than the filler content. If this is the case, there appeared not enough difference in 
morphology to influence thermal properties. 
The Tc for the FL filled composite was a few degrees lower than for the other filler types. 
This could be related to having a Iow thermal stability as shown by TGA (Section 4.1. 7.2). 
However, the thermal stability for TU and KA were also Iow, which should have the same 
influence on Tc. 
5.5.9 UL94 
Table 4.39 show the influence of filler morphology on the fire properties of the 
composites, as measured using UL94. 
Of all the filled composite tested, the H5 filled composite was the only one not to obtain a 
VO rating. It obtained V2, due to dripping flaming material. This could be attributed to it 
having a lower melt viscosity, as confirmed by its rheological analysis. However, the TU 
filled composite had an even lower viscosity but did not drip. 
A comparison of the flame times for each uncoated filled composite showed that all 
except H5 and DP had similar results. For H5, both the first and second flame times were 
up to four times lower than for the other uncoated filled composites. The drop in the 
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second flame times can again be attributed to dripping chunks of material which 'snuffed 
out' the flame. 
The reason DP filled composites had such a low flame time may be attributed to its small 
particle size. Hughe [ref. from 119] investigated the influence of ATH particle size on 
PMMA, and found that the smallest particle size achieved VO at 50 wt% filler content, 
while 60 wt% was required for intermediate sizes and the coarsest was still unclassifiable 
at 60 wt%. Miyata [10] examined the influence of particle size of magnesium hydroxide 
in polypropylene, and found that UL94 results improved, when particle size decreased. 
Although the DP filled composite suffered from agglomeration there was still a good 
dispersion of filler particles (Figure 4.64). As the particles are smaller than the others and 
therefore more particle present weight for weight, there was a better absorption of heat by 
the filler particles generated by the matrix. With more particles spread throughout the 
matrix, it ensures that the heat of combustion of the matrix is transferred rapidly to the 
filler particles, allowing them to degrade endothermically. Another factor was DP had a 
high surface area, which in theory, would be able to release H20 at a higher rate. 
However, the TGA results (Section 4.1.7.2) seemed to indicate that DP had the lowest 
thermal degradation rate. 
5.5.10 Limiting Oxygen Index 
Table 4.44 shows the influence of filler morphology on the fire properties of the 
composite as measured using LO!. 
The difference in LOI ranged from 50.5% (DP) to 53.5% (H5), suggesting that the 
morphology had little influence on LOI, or there was not a large enough difference into 
have any influence. There also appeared to be no differences in the size and strength of 
the char head. 
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5.5.11 Fracture Analysis 
It was noted for all the composites, except DP filled, that the filler particles protruded 
from the surface, indicating the fracture propagated around the interfacial region between 
filler and matrix. This would suggest that the interfacial adhesion was weaker than the 
strength of the filler particles. 
For the DP filled composites (Figure 4.55) it was difficult to see particles protruding from 
the surface. The whole surface appeared to be covered with matrix material, indicating 
that the crack propagation occurred through the matrix. This was surprising, because its 
mechanical properties were relatively poor. 
For FL and KA filled composites (Figures 4.57 and 4.58), holes where filler particles 
pulled from the other fracture surface can be clearly seen. Although not very clear, there 
appeared to be high levels of orientation of the filler particles. The action of pulling the 
filler particles from the other fracture surface would increase the impact energy. For the 
H5 and TU filled composites hardly any holes were present, and no orientation noticeable. 
5.5.12 Dispersion Analysis 
Acid etching not only showed dispersion, but also filler morphology and orientation. 
For the DP filled composites (Figures 4.62 and 4.64) there appeared to be some 
agglomeration present, of approximately ten microns in size. These agglomerates as 
explained previously, would be detrimental to the mechanical properties. The individual 
filler particles however appeared to show good dispersion, and some degree of orientation 
in the mould flow direction, due to its high aspect ratio. All other filler type composites 
appeared to have no agglomeration. 
The FL filled composites (Figures 4.60) showed a high degree of orientation in the mould 
flow direction, which was only disrupted by the presence of the fibres. It was interesting 
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to note that the filler particles orientated around the fibres. On closer examination (Figure 
4.63) of the holes left by the filler particles, it was obvious that they were very thin and 
had a high aspect ratio, which would explain the above orientation affect. 
The KA filled composites (Figure 4.66) showed similar orientation to the FL filled 
composite, but to a lesser degree. 
In the H5 filled composites (Figure 4.61) little orientation of the filler particles was 
apparent. On closer examination (Figure 4.65) the filler particles appeared to be great deal 
blockier than the other filler types, which may explain the lack of orientation. 
The TU filled composites had a similar lack of filler orientation. On closer examination 
(Figure 4.67) some of the holes appeared very round and other were elliptical, which 
would be expected from its morphology. 
5.6 Influence of Coating 
5.6.1 Compounding 
When examining the influence of the coating Al100 (Table 4.8), it appeared that with 
increasing coating level there was a subsequent increase in all processing characteristics. 
The strength of the extrudate strand increased, and there was an improvement in the 
colour of the composite (see Appendix N). The coupling agent increased the interfacial 
adhesion between filler and matrix, which is discussed in greater detail in the mechanical 
properties sections; and the improvement in colour may be due to the coupling agent 
having a whitening influence on the matrix. The rise in processing temperature was due to 
an increase in viscosity, which was confirmed by the rheological analysis (Section 4.3.4). 
The processing characteristics of the stearic acid coated H5 filler in the 351H550/15 (SA 
1.25) composite, decreased compared to the uncoated 351H50115 composite. This was due 
to the lubricating influence of the stearic acid. Unlike 40UIDP6010 (SA 6.0) (see below) 
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the strands did not break, or molten material block the vacuum vent, probably because 
there was only a small quantity of coating to cause aeration. 
When the unreinforced stearic acid coated DP composites were compounded several 
problems were encountered. For the 3.0 wt% and 4.5 wt% coated stearic acid (SA 3.0 and 
SA 4.5) the feeder attached to the side of the barrel continuously blocked with the filler. 
This was due to its low packing density which caused the filler to build up and bridge the 
feeder screw going into the barrel. 
There were also problems with the 6.0 wt% stearic acid coated filler which blocked the 
vacuum vent. Another problem was the extrudate strands would draw and break when 
attempting to feed it through the pelletiser, via the water bath. A possible reason for both 
these occurrences may be due to foaming of the material in the barrel, caused by the 
degradation of the stearic acid. At the vacuum vent, gas pockets present in the molten 
material, would expand due to a drop in pressure, pushing some of the material out 
through the vent. The presence of gas pockets in the extrudate would also weaken the 
strength of the material, allowing it to draw and break. This theory was supported by the 
observation that the extrudate strands were found to be considerably aerated. Finally it 
was noted that the stearic acid coated 40UIDP60/0 (SA 6.0) composite had a lower torque, 
die pressure, and processing temperature than the uncoated 40UIDP60/0 composite (Table 
4.5), because of the internal/external lubricating influence of the coating. Internal 
lubrication would reduce interparticIe friction, whereas external lubrication would reduce 
the friction between the molten material and the barrel/screw surfaces. 
5.6.2 Molecular Weight 
The influence of coating on Mw, Mu and molecular weight distribution can be found in 
Table 4.15. 
The Mu for the coated composites decreased, while Mw increased compared to the 
uncoated composites. This would indicate a large increase in short molecular weight 
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chains for the coated composites, but also an increase in long molecular weight chains 
compared to the uncoated composite. This was further confirmed by the increase in the 
MwlMn distribution for the coated composite. A possible explanation could be a lower 
degree of degradation of the long molecular weight chains in the coated composites, 
producing only short chain fragments. It was also noted that the 35IDP50/15 (AI 3.0) 
composite had the highest coating level, which subsequently gave a greatest decrease in 
the Mn value. 
5.6.3 Fibre Length Analysis 
Table 4.18 shows the influence of coating on average fibre length. The AllOO coating 
appeared to have very little influence on the composite, while the stearic acid coating 
appeared to preserve fibre length. It was believed that the stearic acid acted as a lubricant 
reducing the attrition on the fibres. 
5.6.4 Rheology 
In the literature review it was reported that the specific surface area and particle size were 
frequently not the only properties influencing the viscosity of filled composites. In this 
work it had been shown that as specific surface area increased, it caused a relative . 
increase in viscosity, but only when the surface finish of the filler was the same. So when 
a coating was applied to a filler surface, there are further influences on the rheological 
properties. 
Figure 4.26 shows the influence of coating on 351H550/15. It was apparent that increasing 
levels of AI100 silane coating increased shear stress, while stearic acid (SA 1.25) had the 
opposite influence. 
The coupling properties of the A I 100 would have the effect of increasing the immobilised 
matrix layer surrounding the filler particle, which would then have a greater disruption on 
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the flow field, increasing shear stress. Both Jancar [157-162] and Heikens [215J suggested 
that there was a significant increase in the immobilised layer when investigating the 
influence of silane coated calcium carbonate in polypropylene. 
Much work has been done on investigating the influence of fatty acid coatings [123, 143]. 
Homsby [143] reported that the coating helped filler dispersion, and decreased particle 
agglomeration. Such behaviour is believed to be due to the lowering of the filler surface 
energy, and the hydrophobic nature of the alkyl chains of the fatty acid which improve 
wetting of the matrix onto the filler. This was confirmed by the wet packing results 
(Section 4.1.4). Both deagglomeration and lower surface energy would improve the 
passage of the filler through the flow field. 
5.6.5 Flexural Properties 
Examination of the influence of coating (Table 4.22) it appeared that increasing the Al 100 
levels improved the flexural strength (Figure 4.28) and deflection at break, while stearic 
acid decreased the flexural strength. The coupling influence of Al 100 would as expected 
reinforce the interfacial adhesion between filler and matrix, allowing better transfer of 
stress. The stearic acid would have an opposite decoupling influence, thus lowering the 
flexural strength. This was because less load was transferred to the filler, and thus more 
was carried by the matrix. The influence of All 00 coating levels on modulus resulted in 
no measurable difference, with all values being within standard deviation. 
The stearic acid coated composite 351H550/15 (SA 1.25) had a lower modulus, than the 
equivalent uncoated composite due to the lubricating effect, and the lowering of the 
coupling between filler and matrix. The same properties have been shown in many fatty 
acid coated filled composite, including stearate coated calcium carbonate in polypropylene 
[ 119]. 
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5.6.6 Tensile Properties 
For the influence of coatings (Table 4.25), AI100 increased the tensile strength and 
extension at break, while stearic acid decreased the tensile strength. This was attributed to 
the AIIOO coupling influence, while stearic acid had the opposite decoupling effect. 
Previously it was stated that there was no apparent trend with increasing AIIOO coating 
levels on flexural modulus. However with tensile modulus there appeared to be an 
increase in modulus with increasing coating levels. Wake [118] suggested that the greater 
the interfacial adhesion between matrix and filler, the greater the modulus change. It had 
been reported that with silane coupling there was no influence on modulus. Woodham 
[ref. from 119] for example found that mica increased the rigidity of the polypropylene, 
but treatment of the· mica with a silane coupling agent had no additional influence. 
However, Heikens [215] claimed that for sHane coated glass spheres and calcium 
carbonate in polypropylene and polystyrene there was a very significant enhancement in 
modulus. 
Jancar [157, 160, 162] also suggested the greater interfacial adhesion between matrix and 
filler would result in a increased immobilised layer, which would restrict the movement of 
the matrix, thus increasing stiffness. The stearic acid would reduce any immobilised layer 
due to the lowering of the interfacial surface energy, thus allowing less restricted 
movement of the matrix. Jancar [160-162] suggested this was the case for stearate coated 
calcium carbonate in polypropylene, which reduced the immobilised layer of 
polypropylene on the filler surface. 
5.6.7 Impact Properties 
An examination of the influence of coating (Tables 4.29a and 4.29b) on impact properties 
showed that increasing AI100 levels increased all properties, as did surprisingly the 
stearic acid coated H5 filler. The fIexural and tensile strength decreased when H5 was 
coated with stearic acid, while impact peak force appeared to increase. Cook [218] 
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suggested that fatty acid treatment would reduce interfacial adhesion, but at high strain 
rates was not as significant as with flexural testing, which is a slow strain test. However 
this does not fully explain the increase in peak force. It is generally believed [10, 119, 
143] that the fatty acid aids the dispersion of the filler through the matrix, which lowers 
agglomeration, and therefore increases impact strength. When calcined clay was treated 
with stearic acid in polypropylene [119], it gave a small improvement, because the 
dispersion was improved. McGenity [208] came to the same conclusion for stearate 
coated calcium carbonate in polypropylene. 
The coupling influence of All 00 would reinforce the interfacial adhesion between the 
filler and matrix, allowing higher transfer of stress. Homsby [143] suggested that if the 
filler/matrix interface was very strong, the failure pathway was confined to the matrix. 
When the strength of the interface was equal to the matrix, the crack would propagate 
along the interface. Hancock [219] had shown the use of aminosilane coated calcined clay 
in polyamides improved impact strength, improving with increasing coating levels. 
5.6.8 Crystallinity 
Table 4.35 shows the influence of coating on the thermal properties of the composites 
measured using DT A. 
AllOO and stearic acid coating appeared to have little influence on any of the thermal 
results. This was surprising because previous work has shown coating can have some 
influence. Cook [218] showed that in polypropylene, fatty acid coated DP lowered the 
onset of recrystallisation by about 8°C; while Galeski [225] using a coupling agent 
increased the onset of recrystallisation. For the latter it was attributed to the stronger 
interfacial adhesion between matrix and filler results in a greater immobilised layer, which 
by X-ray diffraction has been shown to have some orientation with the filler particles. 
Because of the orientation, it had been suggested that the onset would occur at a higher 
temperature. For fatty acid an opposite influence would occur, because the immobilised 
layer was greatly reduced, due to lower surface energies. 
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5.6.9 UL94 
Table 4.39 show the influence of coating on the fire properties of the composite measured 
usingUL94. 
When investigating the influence of AllOO, at coating levels of 1.0 wt% and above 
(except for HS filled composite), all composites were unclassified under vertical bum 
conditions. The reason for the failure was the bars burnt up to the clamp, which 
automatically gave an unclassified rating. The bars appeared to burn more vigorously as 
coating level was increased, with the 3.0 wt% coated DP filled composite burning the 
most intensively. Figure 4.41 compares coated (D) and uncoated DP filled composites 
(E), showing the extent of burning. It was interesting to note that A 11 00 inhibited 
dripping. For example the 3.0 wt% coated DP filled composite was completely intact, and 
did not draw when the flame reached the clamp. If the bar was left burning it eventually 
broke where it was being held. The AIlOO coated composites that did drip (3SIFL50115 
(AI 1.0) and 3SlTU50/15 (AI 1.0», did so when over half the bar was burning, and its 
weight caused the bar to draw and break in its mid-section. 
There are several factors which could explain why All 00 caused sustained burning. 
Firstly, the lack of dripping would prevent heat being removed from the system thus 
helping to create more fuel. The coating could be acting as a fuel source. Thermal 
gravimetric analysis (Section 4.1.7.2) had shown that the coating slowed the rate of 
degradation of magnesium hydroxide thus lowering the beneficial influence of H20 
release. Finally it was noted that the char had a different structure compared to char 
produced by uncoated filled composites. It is possible that this structural difference 
lowered the ability of the char in acting as a boundary for heat absorption and fuel release. 
For the H5 filled composites the All 00 initially had a beneficial influence, because with a 
0.5 wt% coating it prevented the material from dripping, and therefore allowed it to 
achieve a VO rating instead of the V2 obtained for uncoated H5 filled composite. With 
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increasing coating level there was an increase in flame time, to a point where the 1.5 wt% 
coated filled composite burned long enough to be classified as VI. However, it should be 
noted that at 1.0 wt% and 1.5 wt% coating the composites did not fail like the other AI100 
coated filled composites. This can be seen in Figure 4.42 which shows that the 1.0 wt% 
coated H5 filled composite (G) burned only partially up the bar. 
The stearic acid coated H5 filled composite achieved a VO rating, even though its viscosity 
was lower than uncoated H5, therefore dripping would be expected. This could be 
attributed to the burning head that rapidly expanded during flaming, which extinguished 
the flame. This can be seen in Figure 4.42 (bar H), which shows the char was larger than 
for bars F and G. Closer examination of the burnt section revealed that not only was the 
char aerated, but also the remaining polymer matrix which at time of testing stage had. 
been molten. 
Thermal gravimetric analysis (Section 4.1.7.2) had shown that stearic acid coated 
magnesium hydroxide degraded more rapidly than uncoated magnesium hydroxide, which 
might explain the rapid expansion of the char and molten matrix. This greater rate of 
endothermic degradation of the magnesium hydroxide would lower the heat present, while 
the H20 would dilute the flame front more rapidly. The expansion of the char would also 
result in a better insulator. The stearic acid could also be degrading, releasing volatile 
gases. 
5.6.10 Limiting Oxygen Index 
Table 4.44 and Figure 4.46 show the influence of coating on the fire properties of the 
composite measured using LOl. 
When investigating the influence of All 00 on the LOl for all the composites, it was noted 
that there was quite a substantial drop when only a small quantity (0.5 wt%) of coating 
was used. With additional coating there was again a drop, but not so substantial. The 
difference in LOl between uncoated to 0.5 wt% AllOO coated filled composite ranged, 
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from 5% to 9.5%, while for 0.5 wt% to 1.0 wt% AIIOO coated composites ranged from 
2.5%to 6%. 
This could be attributed to several factors. The slower degradation rate of A 1100 coated 
filler (found by TGA), described previously for UL94 would decrease the flame retarding 
influence of magnesium hydroxide. It was also interesting to note the difference in the 
colour and strength of the char between AIIOO coated and uncoated filled composites. 
The char from All 00 coated filled composite was more brittle, and tended to fall away in 
small lump, while uncoated filled composites had a hard char cap. This would reduce the 
beneficial influence of the char stated previously. It was also noted that the All 00 char 
was always white, compared to uncoated char which was grey due to black carbon being 
present. Duringtesting the All 00 coated composites tended to have a char which glowed 
more just after extinction of the flame. The overall effect was that the coating reduced the 
building properties of the char, thus producing a smaller char head (Figure 4.46, A). 
The stearic acid coated composites also produced a large drop in LOI and this again 
appeared to be attributed to char formation. The composite tended to bum rapidly, and the 
char produced split down the middle, exposing molten material. Any beneficial effect that 
the char would have, was removed as it fell away in long sections. Figure 4.46 shows an 
example of the char (D) splitting down the middle, but not quite falling apart. The 
composite (C) can be seen to have very little char present to protect the head. This effect 
could be attributed to that found for UL94, where the burning material had rapidly 
expanded during testing. However, because it was expanding outward the centre of 
gravity was moving to the base of the char, which caused the load to build up there, thus 
snapping the char away. 
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5.6.11 Fracture Analysis 
The coating appeared to have no visible influence (except for FL and KA filled 
composites) on the fracture surfaces for either AIIOO or stearic acid coating. This would 
indicate that the AIIOO coupling agent did not increase the interfacial adhesion enough to 
allow the fracture to go through the filler particles, rather than around them. 
For the FL and KA filled composites still had an uneven texture with no change in the 
fracture pathway, however the shrinkage cracks were greatly reduced. This was probably 
due to the greater interfacial adhesion lowering the ability of the matrix to separate away 
from the filler surface, during injection moulding. 
5.6.12 Dispersion Analysis 
Coating the filler appeared to have no noticeable influence on filler dispersion or 
orientation. The stearic acid would be expected to increase dispersion but again this was 
not noticeable as there was already very good dispersion for the uncoated H5 filled 
composites. 
5.7 Optimum Formulation 
These composites (Table 4.40) were formulated using the conclusions found from the 
above five aspects, and therefore have similar property trends. The discussion below has 
been summarised (except UL94) to confirm these trends. The UL94 results are the 
exception because they show some very interesting properties. The results can be found in 
Appendix A. 
Compounding (Table A.I) indicated that replacing filler with fibre decreased the 
processing characteristics i.e. decreased processing temperature, torque, and die pressure. 
Increasing the Al 100 coating level and surface area of the filler appeared to have the 
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opposite effect on processing characteristics. The same trend was noted for the 
rheological results (Figure A I), where increasing filler/fibre ratio and AI 100 coating level 
increased the shear stress at the same shear rates. 
For the mechanical properties (Table A3 to A5), generally the strength of the composite 
was increased when AI 100 coating level was increased. It was interesting to note that the 
401H540/20 (AI 1.0) composite had an exceptionally high peak force. Obviously the 
interfacial adhesion between the matrix and filler had been increased by the coating. 
However, such an increase could suggest there might be an increase in the interfacial 
adhesion between fibre and matrix, due to All 00 migration to the fibre surface during 
compounding. The modulus for the composites increased when filler/fibre ratio was 
increased; while the influence of AI 100 coating appeared to make little difference. The 
platy filler type again appeared to have the highest modulus results. Both impact energy 
and deflection appeared to increase with increasing AII00 coating level, and decreasing 
filler/fibre ratio. 
Comparing the LOI results (Table A6) for the filler types there appeared to be no 
difference at the same filler/fibre ratios, indicating morphology had little influence. The 
401DP40/20 was a little high which could be due to its actual filler content being 
approximately 4 wt% higher than the other composites. Examining the influence of 
AIIOO coating level, there appeared to decrease in the LOI due to embrittlement of the 
char head. It was interesting to note that the decrease was much greater for the higher 
filler/fibre composite, indicating the importance the filler had on char formation. 
5.7.1 UL94 
The results of the UL94 tests (Table 4.40) show that it was possible to obtain VO for a 45 
wt% H5 filled composite, and more importantly VI for a 40 wt% filled composite, when 
they were coated with 1.0 wt% Al 100. This was possible because the AIlOO prevented 
the composite from dripping flaming material due to the increased melt viscosity shown 
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by rheology (Figure A.1). The filler/fibre ratio was also important as it prevented 
continuous burning. 
It was doubtful whether the other filler type composites having 45/15 or 40/20 filler/fibre 
ratio and coated with 1.0 wt% would give good UL94 results because similar composites 
(Table 4.39) perfonned poorly. However such composites have not been produced to 
confinn this. The H5 filled composites gave a VI rating even though it was coated with 
1.5 wt% All 00, which indicated that the optimised H5 filled composites could be coated 
witli AIIOO, and still give a good UL94 result. 
5.8 Sources of Experimental Error 
Production and testing of composites involves a number of stages. Sources of 
experimental error are discussed below. 
In the compounding stage the use of high filler/fibre loadings can generate an erratic 
extrudate output, which could induce an inconsistency in the pellet fonnulation. Other 
processing conditions that fluctuated included torque and processing temperature, 
attributed to the difficulties of incorporating the filler into the melt. To help limit the 
variation due to processing, a lubricated matrix was used. This allowed easier passage of 
the filler, lowering frictional forces which could cause matrix degradation. It also 
appeared to improve the incorporation of the filler into the matrix, improving 
processability and unifonnity of the filled pellets. 
The presence of moisture is a major cause of experimental error during processing, 
rheology and mechanical testing. During injection moulding the moisture content of the 
composites needed to be below 0.2 wt%, otherwise processing problems could occur. If 
present, it could induce voidage, warpage and a reduction in melt viscosity. It could also 
have a plasticising influence causing a decrease in strength, and an increase in toughness. 
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Due to the unavailability of a vacuum oven to effectively dry the pellets, they were dried at 
a higher temperature than would have been normally used. Molecular weight analysis 
performed on the composites at both normal and higher drying temperatures indicated 
negligible difference in degradation. To keep the moisture low and constant the specimen 
bars produced after injection moulding were sealed in foil bags until they were ready to be 
tested. 
Other areas of potential error occurred during mechanical testing. Testing the same 
specimen on different days sometimes to differences in the results. One reason was 
attributed to a change in atmospheric conditions. To prevent this problem all specimen 
bars (within an 'aspect' studied) were tested on the same day. It was also noted that when 
comparing the mechanical properties of the specimen bars from the same mould, there 
were significant differences between the outer and inner specimens. This was attributed to 
the differing packing characteristics during injection moulding. To account for this, only 
bars from the same position in the mould were tested. 
5.9 Summary of Discussion - Best Properties 
The five sections of the discussion covered different aspects such as matrix and filler type. 
This section thus brings together the separate aspects studied, and identifies the best 
composites with regards to (I) processing, (2) mechanical and (3) fire properties. 
(I) Using a lubricated matrix during compounding greatly improved processing. It 
reduced frictional forces, allowing easier passage of the melt, and prevented the clogging 
of the vacuum vent. Even though very Iow quantities were used, the lubricant was 
effective because it migrated to the surface, concentrating its properties at the interface 
between the barrel walls and the polymer. 
Reducing the amount of filler and fibre present would obviously decrease processing 
conditions, and improve processability. However lowering the filler/fibre content below 
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50wt% (Section 4.4.6) was found to lead to a dramatic reduction in flame retarding 
properties. For the filled composites that had the required fire properties, it appeared that 
the lowest filler/fibre ratios had the best processing properties. This was due to the fibres 
having a lower volume fraction (at the same weight fraction), compared with the filler and 
also because the fibres had already been incorporated into the matrix. The lowest surface 
area fillers gave the best processing properties, due to less filler-filler interaction and 
better packing properties. Coating the fillers in a silane coupling agent (AI 100) further 
improved processability even though processing parameters increased. This was due to 
the strengthening of the extrudate due to coupling between filler and matrix. 
A good example of a composite that processed easily was 401H540/20 (AI 1.0), which had 
low filler, high fibre content with coating. 
(2) Composites that were considered to have the best mechanical properties were those 
with high tensile strength and toughness. The presence of glass fibres contributed to a 
major improvement in mechanical properties, with the lowest filler/fibre ratios giving the 
best results. The improved strength indicated a good transfer of stress between fibre and 
matrix due to both fibre length and interfacial bonding. The importance of interfacial 
adhesion was indicated by the coated (filled) composites. The coupling agent further 
enhanced the bonding between matrix and filler, greatly increasing the transfer of stress. 
As with processing properties the composites with the best mechanical properties tended 
to have a 40120 filler/fibre ratio, and a high level of AI100 coating. A good example again 
would be 401H540/20 (AI 1.0). 
The modulus of the filled composite increased with the percentage of higher modulus 
filler. The platier fillers tend to further increase modulus due to orientation in the flow 
direction during injection moulding. 
(3) To classify the composite formulations in terms of their fire properties was more 
complicated, due to the contrasting results from the two techniques (UL94 and LO!) used. 
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For example the composites with high glass fibre content exhibited completely opposite 
UL94 and LOI results. 
Glass fibre itself has no flame retarding properties other than being a diluent. In certain 
composites filled with glass only it had been shown to reduce the polyamide's inherent 
flame resistance, by absorbing heat into the system. However, all studies have shown that 
a combination of filler and fibre improved LOI results by the creation of a large char head, 
while composites with low filler/fibre ratios (i.e. high glass content) tended to have a 
lower melt viscosity, which gave a poor UL94 result. 
The fire properties (UL94 and LOI) of the composites were improved when a total 
filler/fibre loading of at least 50 wt% was introduced. The function of the filler has 
already been discussed in great detail (Section 2.1.4), and will not be covered here. The 
influence of filler type on UL94 was predominantly dependent upon particle size. The 
smallest particle size filler did not lead to dripping flaming material and had low flame 
times; while the largest particle size fillers dripped flaming material (V2 rating), and also 
had low flame times. The beneficial effect of the smallest particle filler was due to 
increased melt viscosity which prevented dripping, increased heat absorption, and 
increased water distribution. The largest particle size filler reduced flame times due to the 
snuffing out influence, due to dripping (Section 4.4.6). The LOI results appeared to be 
little influenced by filler morphology. 
For the Al 100 coated composites there was a dramatic decrease in fire properties. This 
was attributed to a drop in the rate of filler degradation, and a change in the char 
properties, making it a less effective barrier. Such properties were noted for all filler types 
but appeared to be less evident for the largest particle size fillers. 
The composites with the best LOI results tended to have a combination of high filler/fibre 
content and low filler/fibre ratio, such as the 50/15 composites. The best UL94 results 
were for the highly filled 60/0 composites. 
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CONCLUSIONS 
The aim of the project was to optimise the mechanical properties of magnesium hydroxide 
filled PA66 while still retaining adequate fire properties. This was accomplished using 
various combinations of magnesium hydroxide and glass fibre, with different types and 
levels of coating. A secondary aim was to investigate the influence of a lubricated matrix 
on the physical, mechanical and fire properties of filled PA66. The conclusions, as with 
the report, have been broken into five main areas; matrix type (lubricatedlunlubricated), 
matrix/filler/fibre ratio, filler content, filler morphology and influence of coating. 
6.1 Influence of Matrix Type 
+ The main influence of the lubricated matrix, as compared with the unlubricated, was 
an improvement in processability. In particular it cured the problem of the blocking 
vacuum vent port, which occurred for unlubricated matrix type. Also the ease of 
injection moulding was greatly improved by easier ejection of the specimen bars 
from the mould. For the magnesium hydroxide filled composites, the lubricant was 
still effective, even though there was the possibility of filler surface adsorption. 
+ There were no significant differences in the other properties measured due to the 
presence of the lubricant. 
6.2 Influence of MatrixIFiIIerlFibre Ratio 
+ Replacing filler with fibre decreased the 'processing characteristics' i.e. decreased 
processing temperature, torque, and die pressure. This was due to fibres having a 
lower volume fraction, and also because the fibres were already incorporated in the 
matrix. 
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• The above improvements were also reflected in the rheological properties, where the 
shear stress decreased as the filler/fibre ratio decreased. Another factor which 
lowered shear stress was the additional orientation the fibres achieved in the flow 
field. 
• For all the fibre filled composites, the average fibre lengths were halved compared to 
the unprocessed glass fibre pellets, due to processing. As the filler/fibre ratio was 
increased the average fibre length decreased due to the greater attrition by the filler 
present. 
• Replacing filler with fibre improved all mechanical properties, due to the reinforcing 
characteristics of glass fibre. The modulus increased even though the 'rule of 
mixture' would suggest an opposite effect. This was again attributed to the 
increased orientation of the glass fibres. 
• Replacing filler with fibre increased the flame times, in UL94 tests, due to the lower 
percentage of flame retarding magnesium hydroxide present. When large quantities 
of filler were replaced with fibre, there was a decrease in dripping (flaming) material 
due to a lowering of the melt viscosity. 
• Replacing filler with fibre improved LOI, because the fibre had a reinforcing 
influence on the char, which acted as a boundary, to both heat and fuel for the flame 
front. 
6.3 Influence of Filler Content 
When increasing the filler content, the following was concluded: 
• 'Processing characteristics' increased, where the highest loading (301FL60/10) was 
almost unprocessable. 
• During compounding the section of the barrel where the filler was introduced, 
decreased in temperature as the filler content was increased. 
• The molecular weight averages decreased indicating that increased degradation was 
taking place, due to increased attrition from the filler present. 
• Average fibre length decreased, which again was attributable to filler attrition. 
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• Rheological data showed unifonn increases in the shear stress at low shear rates up 
to 40 wt% filler loading. Above this there was a substantial increase attributed to 
filler-filler/fibre interaction disrupting the flow field. 
• Flexural strength initially increased which was believed to be an 'upper bound 
response', indicating that there was some interfacial adhesion between the matrix 
and filler. At higher filler loadings the flexural strength decreased due to a lowering 
of the matrix cross sectional area. The reduction in average fibre length was also a 
factor. 
• Impact energy measurements indicated that there was a ductilelbrittle transition at 20 
wt% filler loading. 
• DTA measurements suggested that the filler was having an 'anti-nucleating' effect, 
because Tc decreased with increasing filler content. This was believed to due to the 
filler releasing trace amounts of H20 which lead to hydrolytic degradation of the 
matrix. 
• Magnesium hydroxide (FL) loadings of 50 wt% (plus 10 wt% fibre) were required to 
obtain VO ratings in UL94 tests. Below 50 wt% the composites dripped burning 
material. 
• It was noted for LOI there was a transition point where there was a large increase in 
LOI values. This was attributed to the production of a char head which was fonned 
when there was sufficient filler present. 
• Comparing the thennal degradation of unfilled PA66, magnesium hydroxide filler 
and filled P A66 composites, there was premature degradation of the latter. 
Examination of the tested samples indicated the matrix of the filled composite 
degraded before the filler, which was the opposite order found for unfilled PA66 and 
filler alone. This was believed to be due to trace amounts of H20 from the filler 
causing premature degradation of the matrix. 
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6.4 Influence of Filler Type 
The interest here was to examine the influence of filler morphology, such as particle size, 
specific surface area, and the platiness ofthe particles. 
+ The 'processing characteristics' and processability of the composites were 
dependent upon the fillers' surface area. The highest surface area fillers (DP) had 
the highest processing characteristics, and were also the most difficult to process. 
The lowest surface area (H5) filler had the lowest processing characteristics and was 
the easiest to process. This was also related to the differences in packing properties 
of the fillers. 
+ In rheological tests, high surface area fillers had the highest shear stresses. The 
platier fillers tended to lower the rate the shear stress increased at high shear rates. 
This can be attributed to the greater orientation of the platy fillers causing less 
disruption of the flow field . 
• The use of platy filled composites led to shrinkage crack problems due to increased 
anisotropic thermal contraction coefficients, during injection moulding. 
+ The average fibre length was influenced by the surface area of the filler. The highest 
surface area (DP) caused the greatest decrease in fibre length. This was due to 
greater interaction with the surface, and also the greater number of particle present 
for interaction. 
+ The FL filler produced a relatively low Mw average in the P A66, which was 
attributable to its lower thermal stability, leading to premature degradation during 
compounding. 
+ The small particle size, high surface area DP, gave far lower flexural properties 
because of a high level of agglomeration. A low average fibre length was also a 
factor. 
+ The modulus of the filled composites was dependent upon the platiness of the 
particles. The platiest composites, KA and FL had the highest modulus, because of 
the greater degree of orientation in the direction of the applied load. 
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• In UL94 tests the H5 filled composite was the only material to produce burning 
drips, which was attributable to its lower melt viscosity. A beneficial effect was the 
lowering of the relative flametimes due to the 'snuffing out' influence during 
dripping. 
• The DP filled composite had a low flametime because of its small particle size 
(therefore more present) and high surface area. This led to increased heat absorption 
and a greater distribution of H20. Its high surface area leading to a greater rate of 
H20 release was ruled out by isothermal work using TGA. 
• Filler morphology had little influence on LOl. For a high LOI value, the presence of 
a char head was the dominant factor. 
6.5 Influence of Coating Type 
• The All 00 coupling agent increased all 'processing characteristics', and the 
processability was improved. The lubricating influence of stearic acid did lower 
processing characteristics, but high levels cause processability problems such as, 
vacuum vent blockage due to foaming, side feeder blockage due to the coated fillers 
low bulk density, and strand breakage due to drawing. 
• The All 00 coupling agent increased strength, extension at break, impact energy and 
tensile modulus of the composites. This was attributed to the greater interfacial 
adhesion between matrix and filler. There would also be an increase in the 
immobilised layer surrounding the filler, thus increasing the modulus. 
• The stearic acid reduced flexural and tensile strength, however it increased the 
impact peak force. Although stearic acid reduced interfacial adhesion by decoupling 
filler and matrix, at high strain rates it was not so significant. The increase in impact 
peak force could be attributed to greater dispersion and lower agglomeration of the 
filler in the matrix. 
• The reduction in modulus for stearic acid coated composite was also attributed to 
decreased interfacial adhesion, lubricating influence and the lowering of the 
immobilised layer. 
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• Both LOI and UL94 tests indicated that AIIOO encouraged the composite to burn. 
The reasons for this included inhibition of dripping, which stops heat being removed 
from the flame, slowing the rate of magnesium hydroxide degradation (c.f. TGA), 
the coating acting as a fuel, and a change in the char properties making it a less 
effective barrier. 
• The UL94 results for the stearic acid coated composite were favourable due to the 
rapid production and expansion oftbe char head, which was due to foaming. 
• The LOI results indicated that stearic acid coating was detrimental to the composite, 
which was again attributed to char expansion which was so rapid it split away 
exposing molten material. 
• TGA on the AllOO and stearic acid coated DP filler indicated that the rate of 
degradation was decreased and increased respectively. The onset of degradation 
showed the opposite effect. 
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FUTURE WORK 
The work done so far on optimisation of the mechanical properties while still retaining 
adequate fire properties have been very encouraging, especially when only 40 wt% 
magnesium hydroxide loadings were used. The author suggests further work in using 
AII00, and other sHane coupling agents, at similar loadings to see iffurther improvements 
are possible. 
Why does All 00 have a brittle influence on the char, which was detrimental to LOI. 
Alternative silane coupling agents could have a less detrimental influence. 
This project shows only the work done on magnesium hydroxide filled PA66. Work on 
PA6 was also undertaken and showed some interesting results, which requires much 
further investigation. 
Investigation of other filler/fibre ratios, could involve reducing the magnesium hydroxide 
content even further, with AIIOO to prevent further dripping. The H5 filler appeared to be 
the only type to be able to cope with All 00 and still gave acceptable fire properties. 
There are other grades of magnesium hydroxide available for study, including several 
grades produced by the manufacturer ofH5. 
The project had shown there was some interaction between magnesium hydroxide and the 
matrix. Work using FTIR was unsuccessful in elucidating the type of bonding taking 
place. Further work in this area would be interesting. 
Other avenues of interest could be investigating if there are synergistic influences using 
combinations of magnesium hydroxide with other magnesium compounds such as oxide, 
carbonate, huntite, and magnesium carbonate subhydrate. Some synergistic effects have 
already been reported for magnesium hydroxide with antimony trioxide, or phosphorous, 
or zinc borate. 
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APPENDIX A 
The Results for the Optimised Composites. 
Table A.I Compounding Data for the Optimised Composites. 
CODE TORQUE PRESS. 1.DIE 3 5 COMMENT 
(%) (MPa) (OC) (OC) ("C) 
40JH545/15 55 - 60 0.83 - 266 285 272 Continuous 
1.03 strand. 
40JH545/I5(Al 0.5) 55 - 60 1.03 264 281 275 Improved colour 
of pellets. 
40JH545/15(Al 1.0) 55 - 60 1.03 - 264 287 279 Improved 
1.14 colour. 
40JH540/20 55 - 60 1.03 265 285 274 Continuous 
strands. 
40IH540/20(Al 0.5) 60 1.10 265 284 276 Improved colour 
of pellets. 
40JH540/20(Al 1.0) 60 1.10 264 286 278 Improved 
colour. 
401DP45/15 70 -75 1.79 262 297 269 Continuous 
strands. 
40IDP40/20 70 -75 1.52 - 262 295 270 Continuous 
1.59 strands. 
401FL45/1S 60 - 65 l.38 - 259 283 267 Continuous 
1.52 strands. 
401FL40/20 60 - 65 l.32 - 260 272 273 Continuous 
1.49 strands. 
APPENDIX 
Table A2 The Weight and Volume Content for the Optimised Composites. 
CODE 
40IH545/15 
40IH545/15(AI0.5) 
40IH545/1S(Al 1.0) 
40IH540/20 
40IH540/20(AI 0.5) 
40IH540/20(AI 1.0) 
401DP45/15 
40IDP40/20 
40IFL45/15 
401FL40/20 
5.50 
;g: 5.00 
o 
~ 
... 
;450 
w 
" o 
8 
..J 4.00 
3.50 
Weight Content (wt%) 
Filler Fibre Filler + Fibre 
46.7 14.6 61.3 
45.5 14.9 60.4 
47.5 14.8 62.3 
41.4 19.4 60.8 
40.1 20.3 60.4 
40.6 20.7 61.3 
46.4 15.0 61.4 
44.4 19.9 64.3 
44.9 15.0 59.9 
40.6 19.0 59.6 
Volume Content (%) 
Filler 
33.1 
32.0 
33.9 
29.3 
28.3 
28.8 
32.9 
32.3 
31.5 
28.4 
Fibre Matrix 
9.7 57.2 
9.8 58.2 
9.9 56.2 
12.9 57.9 
13.4 58.3 
13.8 57.4 
10.0 57.1 
13.6 54.2 
9.9 58.7 
12.5 59.1 
-40IH545115(Al1.0) 
_4OJH545I15(At 0.5) 
-4OIH545115 
-4OIH54OI20 (At 1.0) 
_4OJH54CV20(Al 0.5) 
-4OIH54Oi20 
3.00 +-----+--'--+---+---l------;----t---~-__+_--+_-___< 
1AQ 1.60 1.eo 2.00 2.20 2.40 2.60 2.eo 3.00 3.20 3.40 
LOG SHEAR RAlE (S'~) 
Figure Al The Rheology of the Optimised Composites. 
APPENDIX 
Table A.3 The Flexural Properties of the Optimised Composites. 
CODE Flexural Strength Flexural Modulus Extension at Break 
(MPa) (GPa) (mm) 
401H545115 121.2 (3.8) 10.1 (0.2) 2.1 (0.1) 
401H545/15(AI 0.5) 136.6 (7.2) 10.1 (0.2) 2.5 (0.1) 
401H545/15(AI 1.0) 145.7 (9.7) 10.4 (0.2) 2.7 (0.2) 
401H540/20 146.5 (8.0) 10.8 (0.2) 2.5 (0.1) 
401H540/20(AI 0.5) 163.1 (9.2) 10.6 (0.2) 2.8 (0.2) 
401H540/20(AI 1.0) 169.2 (5.9) 10.8 (0.3) 2.9 (0.1) 
40IDP45/15 95.8 (6.4) 10.7 (0.3) 1.51 (0.1) 
40IDP40/20 115.2 (5.6) 11.1 (0.2) 1.74 (0.1) 
40IFL45115 120.7 (7.4) 11.3(0.1) 1.84 (0.1) 
401FL40J20 131.6 (8.3) 11.7 (0.2) 2.00 (0.1) 
Table A.4 The Tensile Properties of the Optimised Composites. 
CODE Tensile Strength Tensile Modulus Extension at Break 
(MPa) (GPa) (%) 
401H545115 86.4 (4.5) 9.9(0.1) 0.9 (0.08) 
401H545115(AI 0.5) 99.4 (5.3) 9.7 (0.1) 1.1 (0.10) 
401H545/15(AI 1.0) 101.6 (9.2) 10.0 (0.2) 1.0 (0.19) 
401H540/20 110.2 (3.0) 10.5 (0.1) 1.2 (0.12) 
401H540/20(AI 0.5) 122.9 (3.3) 10.4 (0.2) 1.5 (0.14) 
401H540/20(AI 1.0) 114.2 (5.2) 10.7 (0.1) 1.2 (0.10) 
40IDP45/15 72.0 (7.0) 11.1(1.1) 0.7 (0.18) 
40IDP40/20 91.0 (3.9) 11.6 (0.1) 0.9 (0.04) 
401FL45/15 84.3 (5.7) 11.6 (0.1) 0.8 (0.08) 
401FL40/20 105.9 (4.3) 12.6 (0.1) 1.2 (0.13) 
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Table A5 The Impact Properties of the Optimised Composites. 
CODE Peak Force Peak Energy Total Energy Peak Deflection 
(N) (mJ) (mJ) (mm) 
401H545/15 605 (18) 176 (9) 344 (8) 0.75 (0.03) 
401H545115(AI0.5) 622 (9) 183 (5) 349 (8) 0.77 (0.02) 
401H545/15(AI 1.0) 671 (29) 194 (8) 376 (12) 0.78 (0.02) 
401H540/20 707 (46) 180(17) 387 (9) 0.62 (0.01) 
401H540/20(AI 0.5) 792 (22) 224 (9) 425 (14) 0.79 (0.05) 
401H540/20(A1 1.0) 1038 (28) 261 (11) 557 (8) 0.80 (0.05) 
Table A6 The L.O.I.ofthe Optimised Composites. 
CODE L.O.! Comment 
401H545115 51.0 hard char cap 
401H545/15(AIO.5) 43.0 brittle char cap 
401H545115(AI 1.0) 38.0 brittle char cap 
401H540/20 42.5 hard char cap 
401H540120(AI 0.5) 39.0 brittle char cap 
401H540/20(AI 1.0) 37.0 brittle char cap 
40IDP45115 48.9 hard char cap 
401DP40/20 50.0 hard char cap 
40IFL45/15 49.0 hard char cap 
40IFL40/20 45.5 hard char cap 
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APPENDIX B 
The Particle Size Distribution for Each Filler Type. 
Dispersed Using Five Minutes of Ultrasonics. 
SIZE (Lo) RESULTIN% SIZE (Hi) 
",ID DP I FL J H5 ",ID 
0.10 0.00 0.00 0.00 0.12 
0.12 0.00 0.00 0.00 0.15 
0.15 0.31 0.00 0.00 0.19 
0.19 1.00 0.00 0.10 0.23 
0.23 2.17 0.00 0.40 0.28 
0.28 3.90 0.53 0.89 0.35 
0.35 6.18 1.65 1.58 0.43 
0.43 8.80 3.15 2.45 0.53 
0.53 11.34 4.97 3.46 0.66 
0.66 12.77 6.87 4.51 0.81 
0.81 11.82 8.53 5.49 1.00 
1.00 8.57 9.65 6.42 1.23 
1.23 5.75 10.85 8.03 1.51 
1.51 4.86 12.67 11.08 1.86 
1.86 4.54 12.52 12.99 2.30 
2.30 4.47 10.62 12.99 2.83 
2.83 4.25 7.87 11.27 3.49 
3.49 3.67 5.05 8.45 4.30 
4.30 2.75 2.79 5.43 5.29 
5.29 1.72 1.34 2.93 6.52 
6.52 0.84 0.59 1.23 8.04 
8.04 0.20 0.26 0.31 9.91 
9.91 O.oJ 0.08 0.00 12.21 
12.21 0.00 0.00 0.00 15.04 
15.04 0.00 0.00 0.00 18.54 
18.54 0.00 0.00 0.00 22.84 
22.84 0.00 0.00 0.00 28.15 
28.15 0.00 0.00 0.00 34.69 
34.69 0.00 0.00 0.00 42.75 
42.75 0.00 0.00 0.00 52.68 
52.68 0.00 0.00 0.00 64.92 
64.92 0.00 0.00 0.00 80.00 
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DP Filler Dispersed Using Quoted Time of Ultrasonics. 
SIZE (La) RESULT IN % SIZE (Hi) 
Ilm OP2MIN I OP 5MIN I OP 15MIN Ilm 
0.10 0.00 0.00 0.00 0.12 
0.12 0.00 0.00 0.42 0.15 
0.15 0.00 0.31 1.17 0.19 
0.19 0.22 1.00 2.19 0.23 
0.23 1.04 2.17 3.62 0.28 
0.28 2.34 3.90 5.47 0.35 
0.35 4.20 6.18 7.71 0.43 
0.43 6.20 8.80 10.08 0.53 
0.53 8.26 11.34 12.12 0.66 
0.66 9.60 12.77 12.87 0.81 
0.81 9.45 11.82 11.34 1.00 
1.00 7.70 8.57 7.91 1.23 
1.23 5.88 5.75 5.08 1.51 
1.51 5.18 4.86 4.06 1.86 
1.86 4.86 4.54 3.66 2.30 
2.30 4.83 4.47 3.44 2.83 
2.83 4.94 4.25 3.09 3.49 
3.49 5.01 3.67 2.48 4.30 
4.30 4.93 2.75 1.71 5.29 
5.29 4.64 1.72 0.99 6.52 
6.52 4.04 0.84 0.44 8.04 
8.04 3.15 0.20 0.14 9.91 
9.91 2.08 0.01 0.01 12.21 
12.21 1.07 0.00 0.00 15.04 
15.04 0.39 0.00 0.00 18.54 
18.54 0.07 0.00 0.00 22.84 
22.84 0.00 0.00 0.00 28.15 
28.15 0.00 0.00 0.00 34.69 
34.69 0.00 0.00 0.00 42.75 
42.75 0.00 0.00 0.00 52.68 
52.68 0.00 0.00 0.00 64.92 
64.92 0.00 0.00 0.00 80.00 
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SIZE (Lo) RESULT IN % SIZE (Hi) 
J.lID KA I TU J.lID 
0.055 0.00 0.01 0.061 
0.061 0.00 0.01 0.067 
0.067 0.00 0.02 0.074 
0.074 0.01 0.03 0.082 
0.082 0.01 0.04 0.090 
0.090 0.01 0.06 0.099 
0.099 0.03 0.09 0.109 
0.109 0.04 0.12 0.121 
0.121 0.09 0.16 0.133 
0.133 0.14 0.21 0.147 
0.147 0.23 0.28 0.162 
0.162 0.36 0.36 0.178 
0.178 0.56 0.47 0.196 
0.196 0.84 0.60 0.217 
0.217 1.19 0.74 0.239 
0.239 1.62 0.93 0.263 
0.263 2.\3 1.\3 0.290 
0.290 2.64 1.34 0.320 
0.320 3.07 1.57 0.353 
0.353 3.37 1.80 0.389 
0.389 3.57 2.03 0.429 
0.429 3.69 2.29 0.473 
0.473 3.94 2.60 0.522 
0.522 4.10 2.95 0.576 
0.576 4.21 3.31 0.635 
0.635 4.22 3.70 0.700 
0.700 4.27 4.16 0.772 
0.772 4.30 4.61 0.851 
0.851 4.24 4.94 0.938 
0.938 4.20 5.28 1.030 
1.030 4.19 5.60 1.140 
1.140 4.19 5.82 1.260 
1.260 4.16 6.07 1.390 
1.390 4.09 6.26 1.530 
1.530 3.93 5.92 1.690 
1.690 3.71 5.59 1.860 
1.860 3.39 4.84 2.050 
2.050 3.05 4.10 2.260 
2.260 2.67 3.34 2.490 
2.490 2.28 2.69 2.750 
2.750 1.89 1.82 3.030 
3.030 1.51 1.27 3.340 
3.340 1.19 0.68 3.690 
3.690 0.90 0.16 4.070 
4.070 0.68 0.00 4.480 
4.480 0.51 0.00 4.940 
4.940 0.34 0.00 5.450 
5.450 0.21 0.00 6.010 
6.010 0.03 0.00 6.630 
6.630 0.00 0.00 8.000 
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APPENDIX C 
The Wet and Dry Packing Property Results. 
SAMPLE OIL ABSORPTION (mIlIOOg) BULK DENSITY (glml) 
Average Average 
DP 58.8 0.41 
KA 54.5 0.51 
FL 49.8 0.54 
TU . 42.1 0.48 
H5 37.3 0.74 
DP (AI 3.0) 57.9 0.50 
DP (SA 3.0) 41.5 0.33 
DP (SA 4.5) 38.0 0.40 
DP (SA 6.0) 36.0 0.45 
H5 (AI 0.5) 37.1 0.75 
H5 (AI 1.0) 37.2 0.77 
H5 (AI 1.5) 37.1 0.78 
H5 (SA 1.25) 26.5 0.75 
FL (AI 0.5) 49.8 0.55 
FL (AI 1.0) 49.7 0.57 
KA(AIO.5) 54.5 0.52 
TU (AI 0.5) 42.0 0.49 
TU (AI 1.0) 41.8 0.51 
L-______________________________________________ _ 
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APPENDIX D 
The FTffi Results Showing the CH/OH Ratios for the Stearic Acid Coated Fillers. 
Filler Code OH area CH area CHlOHratio 
H5 (1.25) 20.596 2.129 0.103 
DP (3.0) 24.081 3.899 0.162 
DP (4.5) 22.962 5.849 0.255 
DP (6.0) 22.380 8.924 0.399 
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APPENDIX E 
Determination of Stearic Acid Coating Level by Ashing 
Filler Code Sample No. Level of Coating (wt%) Average SD. 
1 1.27 
H5 (1.25) 2 1.24 1.25 0.02 
3 1.23 
4 1.27 
1 5.90 
DP(6.0) 2 6.01 6.08 0.15 
3 6.19 
4 6.20 
1 4.09 
DP (4.5) 2 4.81 4.54 0.32 
3 4.55 
4 4.73 
1 3.10 
DP (3.0) 2 2.93 2.95 0.10 
3 2.87 
4 2.90 
L-__________________________________________________ _ 
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APPENDIX F 
The Fibre Length Analysis Results. 
FIBRE LENGTH NUMBER OF FIBRES FOUND IN THE FIBRE LENGTH INTER V AL 
INTERVAL 
(urn) 35IFLSO/15 I 351KA50/15 I 35fTU50/15 I 35iH550/15 I 35iH5S0115 I 35iH550/IS I 3SIDP50/1513SIDP50/15 
(AI 1.5) (SAL25) (AI3.0) 
0 0 0 0 0 0 0 0 0 
47 13 14 15 10 II 9 16 20 
76 17 16 15 13 15 8 18 15 
105 19 17 13 9 13 9 18 12 
134 13 13 18 16 14 14 13 12 
164 9 15 10 13 11 13 13 13 
193 7 9 12 12 II 10 10 10 
222 3 5 5 9 8 7 6 8 
251 5 6 4 7 7 10 3 6 
281 7 1 6 4 6 9 2 3 
310 3 1 1 2 3 4 1 1 
339 2 2 1 1 0 1 0 0 
368 2 1 0 4 0 1 0 0 
398 0 0 0 0 1 2 0 0 
427 0 0 0 0 0 0 0 0 
456 0 0 0 0 0 2 0 0 
485 0 0 0 0 0 1 0 0 
514 0 0 0 0 0 0 0 0 
544 0 0 0 0 0 0 0 0 
573 0 0 0 0 0 0 0 0 
602 0 0 0 0 0 0 0 0 
631 0 0 0 0 0 0 0 0 
661 0 0 0 0 0 0 0 0 
690 0 0 0 0 0 0 0 0 
------------------------------------------------------------------------ ---
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FIBRE LENGTI! NUMBER OF FIBRES FOUND IN FIBRE LENGTH INTERVAL 
INTERVAL 
(um) 901FL0II0 I 70IFLZOII0 I 50IFL4011O I )0/FL60IIO 
0 0 0 0 0 
47 3 8 6 6 
76 3 10 13 19 
105 7 12 10 16 
\34 10 13 16 20 
164 9 15 12 10 
193 9 13 15 6 
222 18 12 11 9 
251 7 8 5 8 
281 14 3 5 4 
310 2 3 4 2 
339 7 2 2 0 
368 5 0 1 0 
398 1 1 0 0 
427 3 0 0 0 
456 1 0 0 0 
485 0 0 0 0 
514 1 0 0 0 
544 0 0 0 0 
573 0 0 0 0 
602 0 0 0 0 
631 0 0 0 0 
661 0 0 0 0 
690 0 0 0 0 
"----------------------------------- - - - ---.-
APPENDIX 
FIBRE LENGTIl NUMBER OF FIBRES FOUND IN TIlE FIBRE LENGTIlINTERV AL 
INTERVAL 
(urn) G50HSL I 8010120 I 40IDP5515 I 40IDP50/JO I 401DP451151 40IDP40/20 I 44IDP45/11 I 36IDP55/9 
0 0 0 0 0 0 0 0 0 
47 0 7 13 9 4 3 3 12 
76 0 7 27 14 5 3 5 16 
!O5 0 8 15 18 16 6 12 24 
134 1 18 17 18 14 13 19 21 
164 4 14 11 16 15 16 !3 14 
193 4 !O 8 11 20 18 9 7 
222 4 11 3 8 9 14 !O 2 
251 5 6 4 3 9 14 9 2 
281 9 4 1 I 1 4 11 2 
310 9 7 0 2 2 I 6 0 
339 11 0 1 0 1 2 3 0 
368 8 0 0 0 2 2 0 0 
398 4 3 0 0 1 2 0 0 
427 8 2 0 0 0 1 0 0 
456 4 1 0 0 0 I 0 0 
485 10 I 0 0 I 0 0 0 
514 7 1 0 0 0 0 0 0 
544 3 0 0 0 0 0 0 0 
573 1 0 0 0 0 0 0 0 
602 4 0 0 0 0 0 0 0 
631 2 0 0 0 0 0 0 0 
661 2 0 0 0 0 0 0 0 
690 0 0 0 0 0 0 0 0 
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APPENDIX G 
The Individual Rheological Data for Each Composite. 
LOG SHEAR LOG SHEAR FORCE (pa) 
RATE (S") 100UIO I 40UIDP60 I 40UIFL60 I 100/0 I 40IFL60 I 40IDP60 
1.56 3.61 5.07 4.21 3.57 4.13 5.05 
1.86 4.04 5.24 4.49 4.01 4.45 5.22 
2.27 4.45 5.49 4.84 4.43 4.81 5.47 
2.50 4.67 5.60 4.98 4.62 4.95 5.59 
2.80 4.91 5.74 5.19 4.88 5.15 5.73 
3.22 5.18 5.85 5.44 5.14 5.42 5.85 
LOG SHEAR LOG SHEAR FORCE (pa) 
RATE (S") 80/0/20 I 40IDP50/1O !401DP45!15! 401DP55/5 
1.56 3.73 4.94 4.83 5.04 
1.86 4.09 5.12 5.01 5.21 
2.27 4.48 5.38 5.28 5.44 
2.50 4.73 5.50 5.41 5.56 
2.80 4.99 5.64 5.57 5.71 
3.22 5.10 5.80 5.78 5.83 
LOG SHEAR LOG SHEAR FORCE (Pa) 
RATE (S") 90IFLO/IOl80IFLIO/IO !701FL20/1O !601FL30/10! 501FL40/10 ! 40IFL501l0 !301FL60/10 
1.56 3.73 3.79 3.91 3.95 3.98 4.12 4.44 
1.86 4.09 4.09 4.11 4.17 4.23 4.43 4.79 
2.27 4.48 4.49 4.53 4.56 4.60 4.79 5.03 
2.50 4.73 4.76 4.79 4.85 4.94 4.95 5.11 
2.80 4.99 5.01 5.05 5.08 5.16 5.19 5.32 
3.22 5.10 5.13 5.18 5.23 5.34 5.43 5.59 
LOGSHBAR LOG SHEAR FORCE (Pa) 
RATE (S") 35/FL50/15 ! 351KA50!l5 ! 351DP50/15! 35!H550115 T 35ITU501l5 
1.56 4.69 4.75 4.93 4.49 4.31 
1.86 4.88 4.93 5.11 4.80 4.62 
2.27 5.12 5.17 5.34 5.09 4.93 
2.50 5.26 5.30 5.45 5.23 5.07 
2.80 5.42 5.48 5.62 5.44 5.29 
3.22 5.62 5.68 5.80 5.69 5.54 
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LOG SHEAR 
RATE (S·') 
1.56 4.87 4.91 4.57 4.72 4.43 
1.86 5.06 5.10 5.49 4.85 4.91 4.97 4.77 
2.27 5.28 5.31 5.14 5.18 5.23 5.06 
2.50 5.39 5.42 5.72 5.28 5.33 5.38 5.20 
2.80 5.56 5.58 5.86 5.51 5.55 5.59 5.38 
3.22 5.78 5.80 5.98 5.74 5.80 5.85 5.64 
LOG SHEAR LOG SHEAR FORCE (pa) 
RATE (S·') 401H545115 401H545/15 Al 0.5) 401H545115(AI 1.0 40IDP4511S 40IFL45/15 
1.56 4.35 4.43 4.51 4.83 4.47 
1.86 4.65 4.73 4.80 5.01 4.73 
2.27 4.98 5.02 5.11 5.28 5.04 
2.50 5.13 5.19 5.26 5.41 5.17 
2.80 5.36 5.40 5.47 5.57 5.37 
3.22 5.59 5.65 5.69 5.78 5.60 
LOG SHEAR 
40IFL40/20 
4.09 4.19 4.47 4.68 4.44 
1.86 4.51 4.57 4.77 4.93 4.69 
2.27 4.88 4.93 5.09 5.20 5.01 
2.50 4.99 5.08 5.23 5.34 5.23 
2.80 5.23 5.29 5.44 5.51 5.38 
3.22 5.47 5.53 5.67 5.72 5.60 
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APPENDIX H 
The Moisture Analysis Results. 
CODE Moisture Content (wt%) 
100U/OIO 0.14 
40UIDP6010 0.14 
40UIFL6010 0.07 
10010/0 0.07 
40IDP6010 0.12 
40IFL6010 0.15 
CODE Moisture Content (wt%) 
8010/20 0.10 
40IDP6010 0.12 
40IDP5515 0.19 
40IDP501l0 0.24 
40IDP45/15 0.14 
40IDP40/20 0.17 
44IDP4S/11 0.18 
36IDP55/9 0.26 
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CODE Moisture Content (%) 
90IFLO/I0 0.13 
SOIFLl 011 0 0.11 
70IFL201l0 O.IS 
601FL301l0 0.13 
SOIFL401l0 0.15 
40IFLSOll0 0.10 
301FL60/l0 O.1S 
CODE Moisture Content (%) 
. 3SIFLSO/15 0.19 
3SIFLSO/IS(AI0.S) 0.13 
3S1FL501lS(AI l.0) 0.20 
35lKASO/15 0.13 
3SIKASOIlS(Al O.S) 0.22 
35/TU50/15 O.IS 
3SlTUSO/lS (AI O.S) 0.14 
3SITUSO/15 (AI l.0) O.IS 
3SIDPSOllS 0.21 
35IDPSO/IS(Al 3.0) O.IS 
35IHSSO/lS 0.12 
351H5S0/1S(Al 0.5) 0.13 
3SIH5SO/1S(AI l.0) 0.10 
351H550/15(Al 1.5) 0.09 
35IHS50/1S(SA1.25) 0.13 
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CODE Moisture Content (wt%) 
401H545/15 015 
401H545/15(AI 0.5) O. 15 
401H545/15(AI 1.0) O. 14 
401H540120 O. 16 
401H540120(AI 0.5) O. 23 
401H540/20(AI 1.0) O. 14 
40IDP451l5 O. 14 
40IDP40/20 O. 17 
401FL451l5 O. 13 
401FL40120 O. 16 
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APPENDIX I 
The Data for the Flexural Properties Results. 
FLEXURAL STRENGTH (MPa) 
CODE 100U/0/0 \40UIDP60/0 I 40UIFL60/0 I 100/0/0 I 401DP60/0 I 401FL60/0 
106.9 73.7 80.7 88.0 63.5 85.0 
106.7 72.2 80.0 88.9 74.2 89.8 
IOU 75.3 87.0 97.5 66.5 7U 
99. I 58.9 83.0 91.5 59,4 92.9 
97.5 57.3 78.2 99.7 68.0 70A 
102.5 58.8 76.3 97.9 68.2 86.0 
103. I 58.9 83. I 97.4 70.2 81.3 
98.7 68.2 82.2 65.8 79,4 
AVERAGE \02.0 65.4 8L3 94,4 67.0 82.0 
SD. 3.5 7.7 3.3 4.8 4,4 8.2 
DEFLECTION AT BREAK (mm) 
9.146 1.098 L203 9.904 1.202 1.601 
8.775 Ll41 L254 9.181 L532 1.681 
8.551 1,483 L352 9.717 U25 L286 
8.621 U48 1.286 9.656 U56 L77S 
8.356 U21 Ll93 9.593 L346 L297 
8.719 U89 1.079 9.621 L368 1.563 
8.335 Ll63 1.274 9.732 U92 L565 
8.713 1.276 L254 U20 1.444 
AVERAGE 8.65 1.20 1.24 9.63 U3 L53 
S.D. 0.26 0.13 0.08 0.22 0.12 0.17 
FLEXURAL MODULUS (MPa) 
281\ 8005 10740 2074 8214 8659 
2815 7933 10130 2097 7753 8886 
2801 7955 10340 2321 7990 8712 
2795 7940 10320 2233 7864 8560 
2788 7868 10530 2383 8086 8692 
2856 7716 11210 2361 7932 9029 
2843 7878 \05\0 2345 7722 8601 
2781 8408 10490 7928 8974 
AVERAGE 2811 7963 10534 2259 7936 8764 
SD. 26 199 327 128 164 176 
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FLEXURAL STRENGTH (MP.) 
CODE 8010120 I 40IDP5515 I 40IDP50/10 I 40IDP451l5140IDP40/20 I 44IDP45/11 136IDP55/9 
185.2 77.9 79.6 92.9 122.1 88.2 62.4 
185.2 77.0 70.1 92.3 109.2 94.5 67.0 
183.5 79.3 82.2 92.9 114.2 101.5 59.3 
185.7 66.2 85.5 95.6 108.6 110.6 63.1 
184.5 74.4 72.6 106.9 121.7 98.2 62.5 
184.7 62.8 75.6 89.8 109.9 99.9 54.3 
182.3 66.6 77.8 94.5 118.2 111.0 68.1 
182.4 65.0 82.1 92.2 121.3 102.8 64.8 
185.7 60.8 69.9 104.7 111.9 95.6 
AVERAGE 184.4 70.0 77.3 95.7 115.2 100.3 62.7 
S.D. 1.3 7.1 5.6 6.0 5.7 7.4 4.4 
DEFLECTION AT BREAK (mm) 
13.350 1.451 1.348 1.468 1.864 1.768 1.040 
12.730 1.385 1.158 1.394 1.618 1.822 0.980 
12.820 1.174 1.441 1.473 1.681 2.001 0.957 
13.070 1.214 1.441 1.515 1.595 2.171 1.028 
13.080 1.301 1.229 1.771 1.822 2.015 1.049 
13.270 1.162 1.393 1.406 1.670 1.991 0.869 
12.390 1.167 1.502 1.446 1.754 2.182 0.991 
13.330 1.179 1.392 1.434 1.871 2.098 0.967 
13.320 1.092 1.354 1.710 1.662 1.923 
AVERAGE 13.04 1.24 1.36 1.51 1.73 2.00 0.99 
S.D. 0.33 0.12 0.11 0.13 0.10 0.14 0.06 
FLEXURAL MODULUS (MPa) 
4196 9401 9590 10780 11130 8706 10530 
4364 9740 10010 10890 11440 9174 1/850 
4215 9430 9387 10770 10960 8891 10840 
4205 9356 9592 10650 11160 9083 10700 
4170 10010 9756 10340 11390 8531 10500 
4225 9607 8922 10470 10810 8802 10980 
4182 9853 8482 10680 11240 9072 11960 
4177 9811 9731 11080 10870 8671 11720 
4319 9740 9508 10400 11280 8701 
AVERAGE 4228 9661 9442 10673 11142 8848 11135.00 
S.D. 68 227 468 240 223 221 609.87 
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FLEXURAL STRENGTH (MPa) 
CODE 90IFLOII 01 80IFLl 011 0 I 70IFL20/1O 1601FL3011 0 I 50IFL4011 0 I 40IFL50/l 0130IFL60/1 0 
125.6 147.0 144.2 138.6 88.1 92.8 97.0 
125.7 142.3 142.6 135.7 88.9 97.2 103.5 
128.1 134.1 134.7 120.3 89.3 94.8 91.9 
125.9 144.5 143.2 138.6 82.6 94.0 84.7 
130.9 145.9 138.0 1\5.0 94.7 77.7 97.3 
125.7 143.4 144.7 100.9 89.7 97.5 93.2 
124.4 144.9 133.3 133.4 96.5 99.6 99.2 
128.8 142.0 137.9 \32.2 81.3 107.2 107.6 
129.8 142.3 132.3 131.1 96.8 89.6 103.7 
AVERAGE 127.2 142.9 139.0 127.3 89.8 94.5 97.6 
SD. 2.2 3.7 4.9 12.7 5.5 8.0 7.0 
DEFLECTION AT BREAK (mm) 
6.589 7.589 5.220 3.927 1.633 1.355 1.237 
7.379 7.581 4.918 3.687 1.636 1.375 1.680 
7.130 6.953 4.693 3.092 1.697 1.614 1.760 
7.114 8.954 5.067 3.810 1.571 1.459 1.057 
7.535 7.689 4.841 2.902 1.805 1.202 1.344 
6.787 6.705 5.198 2.494 1.721 1.373 1.180 
6.527 8.792 4.424 3.661 1.856 1.449 1.233 
6.569 6.669 4.997 3.526 1.600 1.608 1.403 
7.193 6.684 4.436 3.499 1.872 1.290 1.328 
AVERAGE 6.98 7.51 4.87 3AO 1.71 IAI 1.36 
SD. 0.37 0.87 0.30 0.47 0.11 0.14 0.23 
FLEXURAL MODULUS (MPa) 
3765 4461 5437 6595 9019 11180 13350 
3658 4228 5553 6703 9053 11540 13580 
3714 4040 5331 6722 8778 10750 12950 
3611 4288 5401 6804 8636 10420 13320 
3661 4373 5583 6772 9011 10470 13115 
3688 4539 5451 6725 8813 11600 13350 
371\ 4275 5497 6556 8970 11430 13700 
3875 4449 5240 6732 8541 11150 13190 
3712 4394 5544 6841 8766 11420 13520 
AVERAGE 3711 4339 5449 6717 8843 11107 13342 
SD. 76 150 112 92 182 453 236 
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FLEXURAL STRENGTH (MPa) 
3SIHSS0l1S1 3SIHSS0l1S1 3SIHSSO/lS13SIHSS0l1S1 3SIHSS0l1S 13SIDPS0l1S1 3SIDPSO/lS 
(AI0.S) (AI 1.0) (AI I.S) (SA 1.2S) (AI3.0) 
123.4 13S.0 136.S IS8.S 100.9 86.6 92.4 
130.0 122.1 IS7.9 147.S 99.1 83.1 106.0 
103.7 137.7 142.2 IS8.4 101.4 82.6 107.7 
II6.5 14S.5 133.S 156.7 106.1 99.4 104.1 
104.0 132.6 148.9 129.4 IIO.O 81.8 94. I 
110.0 137.7 132.6 150.7 107.4 86.1 94.4 
128.3 135.4 140.5 136.2 101.4 82.5 II3.9 
124.0 139.9 145.0 150.0 99.5 84.5 II8.2 
123.1 129.8 147.2 98.S 107.2 
AV I 18.1 135.1 142.1 148.3 102.7 85.8 104.2 
S.D 10.0 6.6 8.5 9.9 4.1 5.7 9.0 
DEFLECTION AT BREAK (mm) 
1.913 2.147 2.240 2.802 2.630 1.315 1.829 
1.977 1.875 2.714 2.441 2.449 1.258 2.113 
1.592 2.202 2.356 2.737 2.402 1.245 1.892 
1.748 2.474 2.124 2.727 2.486 1.497 2.014 
1.536 2.188 2.493 2.131 2.577 1.495 1.637 
1.641 2.249 2.254 2.558 2.533 1.301 1.809 
2.054 2.198 2.341 2.662 2.287 1.211 1.949 
1.953 2.268 2.435 2.573 2.534 1.259 2.639 
1.932 2.155 2.483 2.557 1.992 
AV 1.816 2.195 2.370 2.568 2.495 1.323 1.986 
S.D 0.190 0.155 0.181 0.204 0.104 0.112 0.281 
FLEXURAL MODULUS (MPa) 
10720 11030 10710 10620 8139 10850 8824 
11460 11090 10790 10830 8149 11000 9118 
10890 11080 10720 10800 8587 11010 9980 
11160 10S20 10990 10700 8874 11030 9277 
11360 10530 10850 10510 8885 11480 10030 
11060 10870 10875 10890 8828 10800 9360 
10790 10840 10800 10490 8983 10990 10320 
10640 10910 10895 10480 8289 10875 9515 
10740 10300 10660 8543 9609 
AV 10980 10797 10829 10664 8586 11004 . 9559 
S.D 296 282 94 153 330 210 479 
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FLEXURAL STRENGTH (MPa) 
3SIFLSO/1S13SIFLSO/1S13SlKA50/1S1 3SIKASO/1S I 35/TUSO/1S1 3S/TUSO/1S I 3S/TUSO/1S 
(AI 10) (AI O.S) (AI O.S) (AI 10) 
113.7 149.2 126.4 149.2 1219 149.1 147.7 
109.1 14S.0 113.3 131.1 118.S 136.8 14S.7 
116.1 137.3 118.S 123.0 111.4 13S.S 1416 
118.2 129.3 128.0 148.2 106.0 147.8 140.4 
1316 1318 12S.4 139.3 118.3 136.3 148.8 
126.6 128.7 129.0 126.3 114.7 139.9 148.7 
126.S ISS.0 127.3 122.9 118.1 139.0 149.3 
116.2 143.7 112.9 135.9 126.9 138.7 155.8 
110.2 135.6 119.7 145.3 127.3 136.5 158.1 
AV 118.7 139.5 122.3 135.7 118.1 140.0 148.5 
S.D 7.8 9.2 6.3 10.5 6.9 5.0 5.8 
DEFLECTION AT BREAK (mm) 
1.539 2.155 1.704 1.991 1648 2.239 2.331 
1617 1995 1492 1.662 1.720 1.996 2.217 
1.544 1.907 1.306 1605 1.837 1996 2.161 
1.793 1.726 1650 1.594 1.512 1996 2.140 
1.771 1785 1.712 1967 1.820 2.278 2.300 
1643 1.799 1.712 1.515 1.663 2.070 2.239 
1643 2.623 1.726 1.854 1557 2.106 2.380 
1620 1924 1743 1.782 1.709 2.117 2.265 
1.539 1823 1.866 1.843 1.598 2.00S 2.168 
AV 1634 1.971 1657 1.757 1674 2.089 2.245 
S.D 0.094 0.277 0.164 0.171 0.111 0.108 0.082 
FLEXURAL MODULUS (MPa) 
12320 12580 13020 13450 11180 11790 11740 
12960 13440 13430 13540 11520 11830 11760 
12710 12740 13310 13S30 11660 11780 11840 
12960 13160 13000 13730 11400 11570 11810 
12710 13080 12980 13550 11400 11510 11920 
11930 12920 13250 13410 11780 11700 117S0 
12660 12S20 12910 13780 11170 11770 11270 
11930 13280 13540 13910 11690 11710 11430 
12980 12970 13300 13620 11640 11680 11840 
13200 13850 11610 11590 11790 
AV 12573 12966 13194 13637 11505 11693 1171S 
S.D 419 311 210 171 212 106 203 
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FLEXURAL STRENGTH (MPa) 
CODE 401H5451151 401H545/15 I 401H545/15 1401H540/20 I 401H540/20 I 401H540/20 
(AI 0.5) (AI 1.0) (AI 0.5) (AI 1.0) 
122.7 148.6 140.3 131.4 168.7 154.2 
122.4 134.3 133.9 150.8 145.5 166.6 
125.6 124.1 133.7 152.4 163.4 175.1 
112.7 137.4 147.2 138.9 166.4 172.3 
120.5 139.1 141.6 153.9 149.2 172.9 
124.8 135.5 144.8 149.4 164.5 169.9 
117.3 142.7 157.9 148.4 175.7 168.7 
121.4 139.8 152.3 136.7 165.3 167.3 
120.9 138.4 163.3 154.9 162.3 171.3 
123.2 126.2 142.4 148.3 169.8 173.2 
AVERAGE 121.2 136.6 145.7 146.5 163.1 169.2 
S.D. 3.8 7.2 9.7 8.0 9.2 5.9 
DEFLECTION AT BREAK (mm) 
2.120 2.477 2.940 2.386 2.525 2.728 
2.061 2.316 2.656 2.609 2.980 2.859 
2.197 2.563 2.845 2.332 3.045 3.078 
1.951 2.510 3.007 2.505 3.005 3.027 
2.092 2.559 2.603 2.541 2.564 2.883 
2.197 2.623 2.559 2.409 2.838 2.898 
2.087 2.594 2.313 2.599 2.425 2.847 
2.076 2.443 2.568 2.546 2.789 2.876 
2.004 2.383 2.664 2.566 2.746 2.857 
2.100 2.331 2.779 2.611 2.698 3.009 
AVERAGE 2.089 2.480 2.693 2.510 2.762 2.906 
S.D. 0.076 0.109 0.205 0.100 0.213 0.103 
FLEXURAL MODULUS (MPa) 
10430 9837 10670 10540 10250 10030 
10470 10320 10010 11120 10520 10800 
10330 10160 10460 10730 10430 10840 
10060 9702 10630 10780 10490 11000 
9889 9714 10480 10560 10450 11070 
9971 10230 10230 10860 10860 10820 
9863 10080 10080 11110 10560 11060 
9830 10110 10510 10690 10970 10940 
10102 10130 10390 10675 10790 10480 
10030 10200 10430 10701 10647 10748 
AVERAGE 10098 10048 10389 10777 10597 10779 
S.D. 235 219 219 201 220 315 
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APPENDIX J 
The Data for the Tensile Properties Results. 
TENSILE MODULUS (GPa) 
CODE SOl0/201 40IDP5515 140IDP50/10 140IDP451151 36IDP55/9 144IDP45 III 
6.0 S.O 9.S 11.2 9.1 9.6 
6.0 S.O 9.S 11.7 10.6 9.S 
5.9 10.1 9.S 11.6 10.1 9.6 
6.1 10.0 9.S 11.7 9.9 
5.9 \0.4 9.2 9.3 
AVERAGE 6.0 9.0 9.9 11.1 9.9 9.6 
S.D. 0.1 1.2 0.3 1.1 O.S 0.2 
TENSILE STRENGTH (MPa) 
114.4 40.9 72.7 6S.6 35.1 S4.3 
113.4 45.6 6S.S 65.2 59.0 S1.1 
105.1 59.0 71.0 S1.3 50.5 80.7 
113.1 62.4 63.5 73.0 SO.3 
\14.4 69.6 81.7 
AVERAGE 112.1 52.0 69.1 72.0 4S.2 S1.6 
S.D. 3.9 10.3 3.5 7.0 12.1 1.6 
EXTENSION AT BREAK (%) 
4.1 0.4 O.S 0.6 0.3 1.0 
3.9 0.4 0.7 0.5 0.7 0.9 
2.5 0.6 O.S O.S 0.4 0.9 
4.0 0.6 0.6 0.5 O.S 
4.1 0.7 0.9 1.0 
AVERAGE 3.7 0.5 0.7 0.7 0.5 0.9 
S.D. 0.69 0.12 O.OS 0.18 0.21 O.OS 
. 
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TENSILE MODULUS (GPa) 
CODE 90IFLO/IO 180IFLl 011 0 170IFL20/1 0 1601FL3011 0 150IFL4011 0 140IFL5011 0 130IFL6011 0 
4.7 5.2 6.3 7.9 9.9 12.1 12.7 
4.4 5.4 6.4 8.0 9.8 12.6 12.1 
4.5 5.3 6.2 7.7 9.8 12.3 12.4 
AVERAGE 4.5 5.3 6.3 7.9 9.8 12.3 12.4 
S.D. 0.2 0.1 0.1 0.2 0.1 0.2 0.3 
TENSILE STRENGTH (MPa) 
93.3 87.9 86.7 90.1 78.6 61.0 42.0 
93.6 94.3 84.3 83.4 71.8 69.5 57.6 
94.0 82.5 81.1 86.2 74.2 70.0 51.! 
AVERAGE 93.6 88.2 84.0 86.6 74.9 66.8 50.2 
S.D. 0.4 5.9 2.8 3.4 3.4 5.1 7.8 
EXTENSION AT BREAK (%) 
2.7 2.2 1.6 1.2 0.8 0.4 0.5 
2.9 2.4 1.7 1.3 0.8 0.5 0.3 
2.9 2.1 1.7 1.4 0.7 0.5 0.4 
AVERAGE 2.8 2.2 1.7 1.3 0.8 0.5 0.4 
S.D. 0.12 0.15 0.06 0.10 0.06 0.06 0.10 
TENSILE MODULUS (GPa) 
CODE 3SIFLSOll513SIFL501I513SIFLSOIISI3SIKA5011513SlKA50llS135IDPSOll513SIDPSOilS 
. (AI O.S) (AI 1.0) (AI O.S) (AI 3.0) 
12.0 12.6 13.8 12.4 13.3 10.2 11.2 
12.2 130 13.9 12.5 12.6 10.S 11.4 
12.4 13.0 14.1 12.6 12.4 11.9 10.6 
12.4 12.9 12.6 13.8 
12.6 12.9 12.S 12.6 
AVERAGE 12.3 12.9 13.9 12.S 12.9 10.9 11.1 
S.D. 0.2 0.2 0.2 0.1 0.6 0.9 0.4 
TENSILE STRENGTH (MPa) 
87.1 89.1 103.2 98.4 9 I.! 63.6 71.8 
93.7 100.3 112.1 89.3 91.7 69.1 76.6 
102.6 87.9 104.3 97.6 91.S 66.8 7S.8 
89.2 94.9 97.6 
87.0 102.5 91.8 
AVERAGE 91.9 94.9 106.S 94.9 91.4 66.S 74.7 
S.D. 6.6 6.S 4.9 4.1 0.3 2.8 2.6 
EXTENSION AT BREAK (%) 
O.S O.S 0.8 0.8 0.7 0.4 0.6 
0.5 0.8 0.9 0.7 0.7 0.5 0.7 
0.7 0.7 0.8 0.8 0.6 0.5 0.7 
0.7 0.7 0.7 
0.7 0.8 0.7 
AVERAGE 0.6 0.7 0.8 0.7 0.7 0.5 0.7 
S.D. 0.11 0.12 0.06 O.OS 0.06 0.06 0.06 
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TENSILE MODULUS (GP.) 
CODE 351H5S0llS13SIHSSOllSI35IHSSOl1S13SIHSSOllSI3SIHSSOllS 
(AI0.S) (AI 1.0) (AI 1.5) (SA1.2S) 
11.4 11.2 11.6 11.4 6.1 
11.5 11.8 I1.S 11.8 6.0 
115 11.2 11.7 11.5 6.2 
6.2 
6.1 
AVERAGE 11.5 11.4 11.6 11.6 6.1 
S.D. 0.1 0.3 0.1 0.2 0.1 
TENSILE STRENGTH (MP.) 
80.S 98.0 110.8 114.7 66.5 
87.9 103.7 101.4 111.1 64.1 
84.6 92.2 111.0 110.6 70.4 
84.1 66.1 
67.2 
AVERAGE 84.3 98.0 107.7 112.1 66.9 
S.D. 3.0 S.8 5.S 2.2 2.3 
EXTENSION AT BREAK (%) 
0.7 1.0 1.3 1.4 1.3 
0.6 1.1 1.0 1.3 1.2 
0.7 0.9 1.3 1.1 1.4 
1.2 
1.4 
AVERAGE 0.7 1.0 1.2 1.3 1.3 
S.D. 0.06 0.10 0.17 O.IS 0.10 
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TENSILE MODULUS (GPa) 
CODE 3S/TU50/1SI35/TU50/15 (AI O.S)13S/TU50IIS (AI 1.0) 
10.6 10.1 11.4 
10.6 10.8 11.5 
10.5 9.9 11.4 
10.6 10.2 11.5 
10.8 10.6 11.4 
AVERAGE 10.6 10.3 11.4 
S.D. 0.1 0.4 0.1 
TENSILE STRENGTH (MPa) 
88.7 102.4 102.6 
89.2 104.7 103.1 
87.2 104.9 101.2 
92.1 93.4 109.9 
90.6 105.4 102.2 
AVERAGE 89.6 102.2 103.8 
S.D. 1.9 5.0 3.5 
EXTENSION AT BREAK (%) 
0.9 1.2 1.0 
0.9 1.3 1.0 
0.7 1.4 1.0 
0.9 1.1 1.1 
1.0 1.4 0.8 
AVERAGE 0.9 1.3 1.0 
S.D. 0.11 0.13 0.11 
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APPENDIX K 
The Data for the Impact Properties Results. 
PEAK FORCE (N) 
CODE 100UIOIO 140UIDP60/0 140UIFL60/0 1100/0/0 140IDP60/0 140IFL60/o 
395 239 257 379 232 235 
390 224 219 370 222 304 
412 220 275 354 207 250 
380 201 225 369 225 287 
402 239 244 363 205 258 
387 261 216 372 259 298 
404 261 269 395 214 297 
381 244 271 365 230 295 
AVERAGE 394 . 236 247 371 224 278 
S.D. 12 21 24 12 17 26 
PEAK DEFLECTION (mm) 
1.155 0.441 0.526 1.144 0.356 0.442 
1.149 0.526 0.526 1.125 0.445 0.445 
1.237 0.438 0.614 1.055 0.356 0.445 
1.149 0.441 0.614 1.125 0.442 0.442 
1.149 0.526 0.529 1.125 0.534 0.442 
1.156 0.532 0.529 1.125 0.442 0.442 
1.149 0.529 0.529 1.156 0.442 0.442 
1.067 0.618 0.614 1.125 0.442 0.442 
AVERAGE 1.151 0.506 0.560 1.123 0.432 0.443 
S.D. 0.046 0.063 0.045 0.030 0.057 0.001 
PEAK ENERGY(mJ) 
165 52 63 152 46 59 
160 55 43 142 47 58 
181 48 56 130 37 60 
164 45 62 140 51 76 
169 65 46 150 54 67 
150 68 58 148 53 73 
167 56 59 159 57 59 
146 65 56 135 50 57 
AVERAGE 163 57 55 145 49 64 
S.D. 11 8 7 10 6 7 
TOTAL ENERGY(mJ) 
380 152 164 319 160 160 
372 140 140 299 150 206 
414 137 157 283 136 167 
369 130 143 311 144 187 
382 152 160 315 135 174 
355 167 140 325 153 200 
379 172 167 368 128 192 
349 154 170 291 136 202 
AVERAGE 375 151 155 314 143 186 
S.D. 20 14 12 26 11 17 
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PEAK FORCE (N) 
CODE 8010120 140IDP5515140IDP50/10 140IDP45II 5 I 44IDP451 11 I 36IDP55/9 
576 271 301 375 321 293 
674 232 318 368 330 277 
711 227 321 386 364 265 
561 240 339 368 315 274 
670 279 323 366 324 271 
666 267 304 382 337 272 
740 222 328 358 340 270 
652 245 303 351 329 264 
691 239 314 368 259 
AVERAGE 660 247 317 369 333 272 
S.D. 58 21 13 Jl 15 \0 
PEAK DEFLECTION (mm) 
0.966 0.527 0.527 0.524 0.527 0.530 
0.878 0.527 0.527 0.615 0.527 0.527 
0.878 0.437 0.527 0.615 0.527 0.527 
0.883 0.527 0.527 0.524 0.527 0.526 
0.881 0.527 0.527 0.527 0.612 0.530 
0.896 0.530 0.527 0.615 0.615 0.530 
0.884 0.437 0.527 0.524 0.612 0.530 
0.884 0.527 0.530 0.530 0.527 0.530 
0.881 0.527· 0.530 0.527 0.527 
AVERAGE 0.892 0.507 0.528 0.556 0.559 0.529 
S.D. 0.028 0.040 0.001 0.045 0.045 0.002 
PEAK ENERGY(mJ) 
235 64 77 83 80 69 
232 56 70 99 69 61 
252 45 66 98 85 57 
210 53 71 88 79 61 
235 71 69 80 87 73 
240 60 71 107 88 74 
269 47 90 76 91 61 
238 59 80 86 82 70 
242 54 63 87 61 
AVERAGE 239 57 73 89 83 65 
S.D. 17 8 8 10 7 6 
TOTAL ENERGY(mJ) 
464 186 205 250 218 204 
536 163 222 251 226 194 
548 156 226 256 242 190 
426 171 235 241 216 195 
510 194 224 259 220 189 
515 190 213 262 227 187 
592 155 224 249 241 192 
510 170 205 237 221 187 
529 181 215 249 184 
AVERAGE 514 174 219 250 226 191 
S.D. 48 14 10 8 10 6 
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PEAK FORCE (N) 
CODE . 90IFLO/1O 180IFLI 011 0 170IFL20/1O 1601FL30/1 0 150IFL4011 0 140IFL5011 0 1301FL60/1 0 
449 458 365 298 302 307 312 
415 422 360 340 289 294 330 
407 380 340 289 305 309 320 
408 420 373 333 296 298 286 
389 425 345 299 297 295 317 
420 392 330 305 297 288 329 
425 448 377 310 294 310 329 
430 450 352 334 310 297 320 
AVERAGE 418 424 355 3\3 299 300 318 
S.D. 18 28 16 19 7 8 14 
PEAK DEFLECTION (mm) 
0.723 0.719 0.637 0.633 0.455 0.452 0.542 
0.724 0.723 0.630 0.540 0.455 0.452 0.452 
0.724 0.637 0.630 0.540 0.546 0.543 0.452 
0.719 0.724 0.630 0.537 0.452 0.452 0.452 
0.719 0.719 0.633 0.637 0.450 0.452 0.452 
0.724 0.724 0.539 0.540 0.450 0.452 0.543 
0.814 0.723 0.633 0.633 0.450 0.452 0.482 
0.814 0.724 0.630 0.543 0.450 0.452 0.540 
AVERAGE 0.745 0.712 0.620 0.575 0.464 0.463 0.489 
S.D. 0.043 0.030 0.033 0.049 0.033 0.032 0.044 
PEAK ENERGY(mJ) 
139 137 105 85 65 78 86 
\36 154 100 82 66 66 72 
13l 104 109 63 79 86 70 
116 136 97 90 67 74 57 
129 134 101 90 61 70 70 
142 139 84 71 61 66 89 
157 136 120 80 63 63 78 
151 132 91 82 68 71 86 
AVERAGE 138 134 101 80 66 72 76 
S.D. 13 14 11 9 6 7 \I 
TOTAL ENERGY(mJ) 
349 374 301 260 217 206 219 
344 335 292 283 235 238 221 
336 298 278 246 252 221 218 
336 324 304 273 248 219 194 
317 319 278 259 208 215 217 
350 318 257 259 208 201 217 
349 359 297 259 247 224 186 
356 364 295 282 263 205 204 
AVERAGE 342 336 288 265 235 216 210 
S.D. 12 27 16 13 21 12 13 
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PEAK FORCE (N) 
351H550/15 1 351H550/15 1 35/H550/15 I 35/H550/15 I 35IFL50/15 135 IFL50115135IDP501151 35IDP50/15 
(AI 0.5) (AI 1.0) (AI 1.5%) (AI 1.0) (AI 30%) 
667 714 726 760 746 797 549 643 
638 708 732 734 756 746 584 657 
653 711 735 771 754 821 579 681 
646 692 750 734 747 804 608 626 
692 120 720 765 719 814 585 686 
644 704 703 737 740 892 544 659 
662 696 705 734 747 820 523 615 
696 702 763 745 719 814 533 655 
657 715 789 788 740 798 528 629 
638 724 780 822 747 837 525 663 
AV 659 709 740 759 742 814 556 651 
S.D 21 10 30 29 13 36 31 23 
PEAK DEFLECTION (mm) 
0.452 0.495 0.495 0.548 0.458 0.495 0.475 0.418 
0.465 0.480 0.503 0.495 0.452 0.505 0.435 0.442 
0.459 0.475 0.520 0.518 0.458 0.482 0.520 0.437 
0.437 0.465 0.510 0.527 0.452 0.473 0.427 0.452 
0.427 0.475 0.500 0.474 0.465 0.482 . 0.427 0.437 
0.450 0.482 0.490 0.502 0.460 0.502 0.422 0.490 
0.445 0.465 0.490 0.518 0.465 0.482 0.420 0.422 
0.444 0.482 0.497 0.522 0.452 0.567 0.420 0.467 
0.457 0.482 0.502 0.520 0.472 0.519 0.437 0.458 
0.472 0.480 0.495 0.502 0.459 0.500 0.422 0.428 
AV 0.451 0.478 0.500 0.513 0.459 0.501 0.441 0.445 
S.D 0.013 0.009 0.009 0.020 0.007 0.027 0.032 0.022 
PEAK ENERGY(mJ) 
129 138 152 141 141 ISO 112 122 
125 135 139 147 149 145 110 128 
125 133 168 145 145 155 123 132 
121 133 132 149 142 151 112 119 
121 137 126 144 147 156 101 130 
134 137 132 141 146 155 99 128 
125 !3l 148 142 134 163 100 116 
127 133 152 ISO 139 165 100 141 
135 138 152 162 129 163 100 122 
129 139 140 147 139 159 106 124 
AV 127 135 144 147 141 156 106 126 
S.D 5 3 13 6 6 6 8 7 
TOTAL ENERGY(mJ) 
311 332 346 356 339 383 249 295 
300 334 379 349 348 382 260 294 
309 332 348 366 347 353 268 310 
297 333 333 352 350 388 248 320 
303 321 363 363 333 373 238 289 
327 338 325 354 347 389 243 322 
302 331 345 349 346 378 239 305 
311 326 340 354 349 377 240 289 
328 329 352 360 347 371 244 289 
312 338 355 361 351 370 247 307 
AVI 310 331 349 356 346 376 248 302 
S.DI 11 5 IS 6 6 11 10 13 
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PEAK FORCE (N) 
CODE 35/H5501I51 35/H550/15 (SA 1.25) I 35IFL501I5 I 35IFL50/15 (AI 0.5) 
633 693 744 779 
617 695 745 728 
618 659 676 725 
688 681 675 679 
647 653 687 809 
609 673 759 697 
618 673 657 709 
610 684 654 682 
629 673 707 669 
650 650 689 726 
AVERAGE 632 673 699 720 
S.D. 24 16 38 45 
PEAK DEFLECTION (mm) 
0.713 0.864 0.728. 0.717 
0.713 0.835 0.676 0.819 
0.698 0.887 0.736 0.838 
0.717 0.834 0.747 0.732 
0.705 0.841 0.747 0.702 
0.728 0.796 0.761 0.717 
0.695 0.811 0.746 0.733 
0.705 0.800 0.729 0.756 
0.688 0.821 0.718 0.749 
0.739 0.856 0.690 0.770 
AVERAGE 0.710 0.835 0.728 0.753 
S.D. 0.015 0.029 0.027 0.045 
PEAK ENERGY (mJ) 
170 228 187 202 
162 218 190 184 
177 215 183 200 
177 209 197 205 
174 208 199 209 
184 219 206 184 
168 201 190 192 
174 206 192 192 
166 208 188 200 
158 212 . 201 203 
AVERAGE l7l 212 193 197 
S.D. 8 8 7 9 
TOTAL ENERGY(mJ) 
332 412 374 422 
352 409 387 372 
320 409 399 402 
337 395 375 410 
351 409 400 401 
345 395 377 422 
341 383 376 391 
339 395 399 393 
348 405 374 406 
342 384 389 395 
AVERAGE 341 400 385 401 
S.D. 10 11 11 15 
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PEAK FORCE (N) 
CODE 35!KA50/151 35!KA50/15 I 35/TU50!15 I 35/TU50/15 I 35ITU501l5 (AI 0.5) (AI 05) (AI 10) 
686 755 632 729 721 
625 782 652 769 723 
618 758 688 761 748 
691 750 676 763 769 
641 810 645 737 742 
736 751 680 723 767 
650 728 642 746 744 
694 737 654 740 778 
660 753 665 753 765 
678 720 649 742 768 
AVERAGE 668 754 658 746 753 
S.D. 36 26 18 15 20 
PEAK DEFLECTION (mm) 
0.660 0.702 0.700 0.684 0.744 
0.679 0.740 0.712 0.674 0.757 
0.659 0.682 0.730 0.682 0.735 
0.632 0.682 0.715 0.689 0.757 
0.645 0.672 0.712 0.686 0.719 
0.695 0.686 0.686 0.731 0.701 
0.681 0.710 0.681 0.689 0.757 
0.666 0.684 0.703 0.701 0.748 
0.702 0.700 0.700 0.721 0.742 
0.663 0.730 0.700 0.725 0.748 
AVERAGE 0.668 0.699 0.704 0.698 0.741 
S.D. 0.022 0.022 0.01 0.02 0.02 
PEAK ENERGY (mJ) 
175 197 192 205 213 
178 203 186 206 215 
171 200 201 191 212 
148 205 187 201 224 
176 185 204 206 219 
169 179 194 209 214 
174 195 187 217 241 
177 203 185 210 219 
172 189 181 213 215 
177 195 168 218 229 
AVERAGE 172 195 189 208 220 
S.D. 9 8 10 8 9 
TOTAL ENERGY(mJ) 
368 420 360 414 452 
355 421 381 422 431 
375 411 377 415 429 
393 431 376 415 441 
350 400 367 417 430 
388 426 365 416 420 
354 411 376 410 439 
371' . 403 371 411 445 
363 412 378 393 432 
365 422 365 409 458 
AVERAGE I 368 416 372 412 438 
S.D. I 14 10 7 8 12 
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PEAK FORCE (N) 
CODE 40lH545115 I 40lH545115 I 40lH545115 140lH540120 I 401H540120 I 40lH540120 (AI 0.5) (A 1 1.0) (AI 0.5) (AI 1.0) 
614 624 673 760 804 1020 
571 627 685 699 810 1012 
582 612 666 767 804 1021 
629 609 624 738 763 1064 
602 638 706 759 820 1083 
625 632 714 680 768 1015 
610 620 690 656 821 1066 
599 623 660 649 779 1044 
604 621 650 664 780 1001 
610 613 640 695 768 1055 
AVERAGE 605 622 671 707 792 1038 
S.D. 18 9 29 46 22 28 
PEAK DEFLECTION (mm) 
0.778 0.758 0.786 0.610 0.798 0.847 
0.753 0.793 0.795 0.629 0.815 0.822 
0.772 0.793 0.790 0.625 0.692 0.836 
0.778 0.758 0.754 0.629 0.742 0.728 
0.772 0.733 0.758 0.608 0.768 0.746 
0.736 0.790 0.786 0.610 0.746 0.904 
0.665 0.748 0.790 0.608 0.843 0.761 
0.746 0.756 0.789 0.627 0.792 0.758 
0.765 0.779 0.780 0.614 0.750 0.820 
0.746 0.784 0.796 0.610 0.730 0.810 
AVERAGE 0.751 0.769 0.782 0.617 0.768 0.803 
S.D 0.034 0.021 0.015 0.009 0.045 0.054 
PEAK ENERGY (mJ) 
177 186 181 182 226 266 
165 184 190 187 224 266 
182 182 193 194 210 262 
182 179 207 186 222 267 
185 180 200 202 221 257 
184 176 198 152 210 249 
163 178 190 164 239 237 
162 187 186 156 226 273 
182 189 199 187 224 266 
174 190 193 185 233 270 
AVERAGE 176 183 194 180 224 261 
S.D. 9 5 8 17 9 11 
TOTAL ENERGY(mJ) 
340 361 363 391 415 555 
343 352 366 374 430 551 
333 346 369 396 405 555 
337 341 369 384 437 566 
351 340 387 369 431 564 
355 344 384 392 410 570 
343 349 401 392 424 562 
345 342 37& 396 454 551 
354 358 374 385 421 545 
334 356 372 387 424 549 
AVERAGE I 344 349 376 387 425 557 
S.D. I 8 8 12 9 14 8 
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APPENDIX L 
The Crystallinity (DSC) Data for Each Composite Tested. 
Influence of Matrix Type 
CODE Tm' ('C) I XM' (%) I Te' ('C) I XC' (%) 
JOOUIO/O 265.11 28.2 237.15 25.7 
264.19 25.4 237.51 23.1 
264.72 24.8 237.37 27.7 
AVERAGE 264.67 26.1 237.34 25.5 
STAND. DEV. 0.46 1.8 0.18 2.3 
40UIDP60/0 262.26 24.8 237.52 21.1 
261.95 29.1 237.48 23.7 
262.96 25.9 
262.58 27.0 237.67 24.3 
AVERAGE 262.44 26.70 237.56 23.03 
STAND. DEV. 0.43 1.83 0.10 1.70 
40U1FL60/0 260.76 26.8 232.96 16.1 
260.43 26.1 232.75 18.5 
AVERAGE 260.60 26.45 232.86 17.30 
STAND. DEV. 0.23 0.49 0.15 1.70 
100/010 264.42 32.1 237.93 28.7 
264.04 29.7 237.99 26.1 
AVERAGE 264.23 30.90 237.96 27.40 
STAND. DEV. 0.27 1.70 0.04 1.84 
401DP60/0 262.57 29.5 237.90 24.8 
262.65 28.8 237.75 22.7 
AVERAGE 262.61 29.15 237.83 23.75 
STAND. DEV. 0.06 0.49 0.11 1.48 
401FL60/0 261.70 29.7 233.91 17.9 
261.83 28.9 233.70 17.4 
AVERAGE 261.77 29.30 233.81 17.65 
STAND. DEV. 0.09 0.57 0.15 0.35 
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Influence of MatrixIFillerlFibre Ratio 
CODE Tm' (,C) I XM' (%) I Tc' ('C) I XC (%) 
8010120 263.59 32.9 237.86 30.2 
264.93 25.9 237.12 25.3 
264.68 29.0 237.97 25.9 
AVERAGE 264.40 29.27 237.65 27.\3 
STAND.DEV. 0.71 3.51 0.46 2.67 
40/DP5515 261.71 32.3 237.70 26.0 
261.78 32.0 237.74 26.8 
261.33 27.5 237.79 23.9 
AVERAGE 261.61 30.60 237.74 25.57 
STAND.DEV. 0.24 2.69 0.05 1.50 
40/DP501l0 261.72 28.6 236.55 26.1 
261.32 28.0 236.67 25.9 
AVERAGE 261.52 28.30 236.61 26.00 
STAND.DEV. 0.28 0.42 0.08 0.14 
40/DP45/15 261.06 27.0 235.72 25.8 
·262.16 27.3 235.45 26.3 
AVERAGE 261.61 27.15 235.59 26.05 
STAND. DEV 0.78 0.21 0.19 0.35 
40/DP40/20 261.88 28.7 235.22 27.1 
262.31 28.1 235.17 28.7 
AVERAGE 262.10 28.4 235.20 27.9 
STAND. DEV. 0.30 0.4 0.04 l.l 
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Influence of Filler Content on Melt Temperature Properties 
CODE Tm' (oc) I XM' (%) J Tm2 (oC) I XM2 (%) I Tm' ('C) I XM' (%) 
90IFLOll0 265.68 34.5 264.30 34.9 263.79 33.8 
266.18 32.4 264.09 32.6 263.69 31.3 
265.53 30.3 263.82 31.0 
264.97 34.0 33.1 
AVERAGE 265.59 32.8 264.07 32.9 263.74 32.6 
STAND.DEV. 0.50 1.9 0.24 1.6 0.07 1.8 
80IFLI 011 0 265.70 31.8 263.12 36.9 262.70 36.6 
265.23 28.1 263.19 34.4 
263.97 32.1 263.26 34.8 
263.17 32.3 
AVERAGE 264.52 31.1 263.19 35.4 262.70 36.6 
STAND. DEY. 1.16 2.0 0.07 1.3 
701FL201l0 263.58 31.0 262.01 34.6 260.47 34.0 
264.70 31.8 262.89 34.6 
AVERAGE 264.14 31.4 262.45 34.6 260.47 34.0 
STAND.DEV. '0.79 0.6 0.62 0.0 
60IFL30/10 263.46 31.3 260.40 34.4 258.60 34.5 
264.66 27.2 261.33 31.2 259.71 30.4 
263.98 30.3 260.12 33.6 
263.02 28.4 261.05 29.8 
AVERAGE 263.78 29.3 260.73 32.3 259.16 32.5 
STAND.DEV. 0.71 1.8 0.56 2.1 0.78 2.9 
50IFL401l0 262.58 33.4 259.65 33.2 
262.35 27.9 259.67 27.3 
AVERAGE 262.47 30.7 259.66 30.3 
STAND.DEY. 0.16 3.9 0.01 4.2 
40IFL501l0 261.36 31.1 257.24 33.1 
260.86 28.3 256.78 28.2 
259.20 29.5 
AVERAGE 260.47 29.63 257.01 30.65 
STAND.DEV. 1.13 1.40 0.33 3.46 
30IFL601l0 261.69 23.9 258.04 25.7 255.47 22.5 
258.46 30.1 
262.23 28.3 258.69 32.2 256.06 30.1 
AVERAGE 260.79 27.4 258.37 29.0 255.8 26.3 
STAND.DEV. 2.04 3.2 0.46 4.6 0.4 5.4 
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Influence of Filler Content on Recrystallisation Properties 
CODE Tcl (QC) Ixc' (%)1 Tpl (QC) 1 Tpl_Tcl 1 Tc' (QC) Ixc' (%)1 Tp' ("C) 1 Tp'-Tc' 
90IFLOll0 240.40 27.7 236.68 3.72 239.92 27.0 235.94 3.98 
240.83 25.4 237.62 3.21 240.40 27.3 236.85 3.55 
AVERAGE 240.62 26.6 237.15 3.47 240.16 27.2 236.40 3.77 
STAND.DEV. 0.30 1.60 0.66 0.36 0.34 0.20 0.64 0.30 
80IFLlO/IO 238.20 26.5 235.75 2.45 237.51 26.4 234.99 2.52 
238.32 30.3 235.97 2.35 237.80 29.9 235.29 2.51 
AVERAGE 238.26 28.4 235.86 2.40 237.66 28.2 235.14 2.52 
STAND.DEV. 0.08 2.7 0.16 0.07 0.21 2.5 0.21 0.01 
70IFL20/10 237.27 32.1 234.50 2.77 236.28 31.9 233.55 2.73 
237.53 24.4 234.98 2.55 236.52 24.2 233.79 2.73 
AVERAGE 237.40 28.3 234.74 2.66 236.40 28.1 233.67 2.73 
STAND.DEV. 0.18 5.4 0.34 0.16 0.17 5.4 0.17 0.00 
60IFL301l0 236.73 31.0 234.28 2.45 235.76 30.3 232.90 2.86 
.237.30 27.3 234.63 2.67 235.68 28.1 233.09 2.59 
237.03 23.4 234.48 2.55 235.91 24.3 232.95 2.96 
AVERAGE 237.02 27.2 234.46 2.56 235.78 27.6 232.98 2.80 
STAND.DEV. 0.29 3.8 0.18 0.11 0.12 3.0 0.\0 0.19 
501FL401l0 235.12 24.4 232.06 3.06 232.56 25.1 229.39 3.17 
234.73 26.9 231.64 3.09 232.00 26.0 228.44 3.56 
AVERAGE 234.93 25.65 231.85 3.08 232.28 25.55 228.92 3.37 
STAND.DEV. 0.28 1.77 0.30 0.02 0.40 0.64 0.67 0.28 
40IFL501l0 232.23 29.0 228.91 3.32 228.77 25.5 223.83 4.94 
232.54 20.1 229.05 3.49 229.13 20.6 224.49 4.64 
233.51 20.1 
AVERAGE 232.76 23.07 228.98 3.40 228.95 23.05 224.16 4.79 
STAND.DEV. 0.67 5.14 0.10 0.12 0.25 3.46 0.47 0.21 
30IFL60/10 232.98 16.6 229.42 3.56 230.72 16.6 225.57 5.15 
233.43 22.9 230.02 3.41 229.85 23.7 224.82 5.03 
233.78 17.5 
AVERAGE 233.40 19.00 229.72 3.49 230.29 20.15 225.20 5.09 
STAND.DEV. 0.40 3.41 0.42 0.11 0.62 5.02 0.53 0.08 
-- ----------------------------------------
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Influence afFiller and Coating Type 
COPE Tm' ('C) I XM' (%) I To' ('C) I XC' (%) 
35IFL50/15 261.52 34.2 234.77 29.1 
262.30 30.8 234.91 20.7 
AVERAGE 261.91 32.50 234.84 24.90 
STAND. PEY. 0.55 2.40 0.10 5.94 
351KA50/15 260.78 30.7 237.49 25.9 
261.05 32.4 236.97 26.9 
AVERAGE 260.92 31.55 237.23 26.40 
STAND.DEV. 0.19 1.20 0.37 0.71 
351TU50/15 261.08 32.8 236.45 29.8 
262.05 30.3 236.78 24.6 
AVERAGE 261.57 31.55 236.62 27.20 
STAND.DEV. 0.69 1.77 0.23 3.68 
35IDP50/15 262.08 34.1 235.74 30.0 
261.84 30.2 236.26 27.7 
262.31 30.4 236.11 19.4 
261.62 22.2 236.12 19.5 
AVERAGE 261.96 29.23 236.06 24.15 
STAND.DEV. 0.30 5.01 0.22 5.51 
35IDP50IlS(AI3.0) 261.58 28.3 236.70 2S.7 
261.83 29.3 236.49 27.9 
AVERAGE 261.71 28.80 236.60 26.80 
STAND.DEV. 0.18 0.71 O.IS I.S6 
351H550/lS 262.66 32.60 23S.8S 29.90 
262.86 34.90 236.60 22.20 
AVERAGE 262.76 33.75 236.23 26.0S 
STAND.DEV. 0.14 1.63 0.53 5.44 
351H550llS (SA 1.25) 262.67 27.90 236.72 25.20 
262.92 30.73 236.89 27.34 
AVERAGE 262.80 29.32 236.81 26.27 
STAND. DEV. 0.18 2.00 0.12 1.51 
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APPENDIX M 
The Data for the UL94 Results. 
CODE 100UIO I 40UIDP60 I 40UIFL60 I 10010 140IFL60140IDP60 
UL94 Rating V2 VO VO V2 V2 VO 
70'C for 168 hours 
1.0 
- - 1.0 0,5 -
1.O 0,5 
-
2,0 0,5 
-
1st Flametime (S) 2,0 LO 0,5 2,0 0,5 
-
1.0 1.0 
-
1.O 
-
0.5 
. 1.0 0.5 
-
1.O 0,5 
-
1.O 7,0 0,5 1.0 1.0 1.5 
2,0 2,0 
- 1.0 0,5 2,0 
2nd Flametime (S) 1.0 3,0 - 2,0 1.0 U 
1.0 0,5 0.5 2,0 1.0 0,5 
1.0 3,0 1.0 2,0 0.5 
-
Sub-total 1st Flametime (S) 6,0 3,0 0,5 7,0 2,0 1.0 
Sub-total 2nd Flametime (S) 6,0 15,5 2,0 8,0 4,0 9,0 
50% RH for 48 hours 
2,0 
- - 1.5 - -
2,0 
- - 1.5 - 1.O 
1st Flametime (5) 1.0 
- -
2,0 
- -
1.O 
- -
2,0 
- -
1.0 
- -
1.O - -
1.O 3,0 0.5 2,0 
- -
1.5 10,0 0.5 2,0 0.5 2,0 
2nd Flametime (S) 1.5 3,0 0,5 1.0 0,5 3,0 
1.0 3,0 0,5 1.0 0.5 2,0 
1.0 3,0 0,5 1.0 0,5 2,0 
Sub-total 1st Flametime (5) 7,0 0,0 0,0 8,0 0,0 1.0 
Sub-total 2nd Flametime (5) 6,0 22,0 2.5 7,0 2,0 9,0 
Total 1st Flametime(S) 13,0 3,0 0,5 15,0 2,0 2,0 
Total 2nd Flametime (5) 12,0 37,5 4.5 15,0 6,0 18,0 
Total Flametime (S) 25,0 40,5 5,0 30,0 8,0 20.0 
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CODE 8010/20 I 441DP45/11 140IDP50liOI36IDP55/9140IDP45/1S1 40IDP55/5 
UL94 Rating FAILED V2 VO VO VO VO 
70°C for 168 hours 
-
1.5 0.5 
- - -
-
3.0 
- 0.5 - 0.5 
1 st Flametime (S) - 0.5 - 0.5 - 0.5 
-
2.0 1.5 0.5 0.5 0.5 
-
0.5 
- -
0.5 -
-
1.0 3.0 
-
4.0 -
- -
0.5 0.5 2.5 0.5 
2nd Flametime (S) 
-
2.0 1.0 1.0 1.0 1.0 
-
1.0 2.0 1.0 3.5 1.0 
-
20.0 3.0 2.0 7.0 2.0 
Sub-total 1st Flametime (S) 0.0 7.5 2.0 1.5 1.0 1.5 
Sub-total 2nd Flametime (S) 0.0 24.0 9.5 4.5 18.0 4.5 
50% RH for 48 hours 
- - 2.0 - 1.0 -
-
1.0 0.5 
-
0.5 -
1 st Flametime (S) - 1.5 0.5 - 0.5 -
-
2.0 1.0 - 0.5 -
-
1.5 
- - -
-
-
1.0 2.0 3.0 7.0 3.0 
-
2.0 2.0 1.0 3.0 1.0 
2nd Flametime (S) - 2.0 0.5 2.0 2.0 2.0 
-
2.0 3.0 3.0 2.0 3.0 
-
1.0 2.5 2.0 1.5 2.0 
Sub-total 1 st Flametime (S) 0.0 6.0 4.0 0.0 2.5 0.0 
Sub-total 2nd Flametime (S) 0.0 8.0 10.0 11.0 15.5 11.0 
Total 1st Flametime (S) 0.0 13.5 6.0 1.5 3.5 1.5 
Total 2nd Flametime (S) 0.0 32.0 19.5 15.5 33.5 15.5 
Total Flametime (S) 0.0 45.5 25.5 17.0 37.0 17.0 
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CODE 901FL0/IO I 50IFL40/10 I 401FL5011 0 I 301FL60/1O 
UL94 Rating FAIL V2 VO VO 
70·C for 168 hours 
-
2.5 1.0 1.0 
- 3.0 1.0 1.0 
1st Flametime (S) - 2.0 2.0 0.5 
- 2.0 1.0 0.5 
- 2.5 1.0 0.5 
- 1.5 3.0 3.0 
- 2.0 7.0 3.0 
2nd Flametime (S) - 2.0 5.0 0.5 
- 1.5 1.0 1.5 
-
2.0 2.0 3.0 
Sub-total 1st Flametime (S) - 12.0 6.0 3.5 
Sub-total 2nd Flametime (S) - 9.0 18.0 11.0 
50% RH for 48 hours 
- 1.5 1.0 0.5 
- 10.0 1.0 0.5 
1st Flametime (S) - 5.0 1.0 0.5 
- 2.5 2.0 0.5 
- 5.0 1.0 0.5 
-
1.0 5.0 0.5 
-
3.0 5.0 0.5 
2nd Flametime (S) 
-
2.0 7.0 1.0 
- 1.0 2.0 1.0 
- 3.0 3.0 0.5 
Sub-total 1st Flametime (S) - 24.0 6.0 2.5 
Sub-total 2nd Flametime (S) - 10.0 22.0 3.5 
Total 1st Flametime (S) 
-
36.0 12.0 6.0 
Total 2nd Flametime (S) - 19.0 40.0 14.5 
Total Flametime (S) 
-
55.0 52.0 20.5 
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CODE 351FL50/151351KA501151 35IDP50115 I 351H550/15 I 35/TU50115 
UL94 Rating VO VO VO V2 VO 
70°C for 168 hours 
0.5 1.0 0.5 
-
1.0 
1.0 1.0 1.0 
- 1.0 
1st Flametime (S) 0.5 0.5 1.0 0.5 1.0 
0.5 0.5 0.5 
- 1.0 
1.0 0.5 
- 0.5 2.0 
4.0 4.0 0.5 1.0 2.0 
0.5 1.0 1.0 1.0 4.0 
2nd Flametime (S) 3.0 1.5 2.0 1.0 3.0 
2.0 1.5 0.5 1.0 4.0 
1.0 2.0 0.5 0.5 2.0 
Sub-total 1st Flametime (S) 3.5 3.5 3.0 1.0 6.0 
Sub-total 2nd Flametime (S) 10.5 10.0 4.5 4.5 15.0 
50% RH for 48 hours 
1.0 1.5 1.0 0.5 1.0 
1.0 0.5 1.0 0.5 1.0 
1st Flametime (S) 1.0 0.5 1.0 0.5 0.5 
1.0 - 1.0 0.5 1.0 
0.5 0.5 1.0 
-
1.0 
1.0 4.0 0.5 0.5 3.0 
1.0 7.0 2.5 0.5 2.0 
2nd Flametime (S) 4.0 1.0 2.0 0.5 3.0 
3.0 3.0 2.5 1.0 3.0 
3.0 2.0 2.0 0.5 2.0 
Sub-total 1st Flametime (S) 4.5 3.0 5.0 2.0 4.5 
Sub-total 2nd Flametime (S) 12.0 17.0 9.5 3.0 13.0 
Total 1st Flametime (S) 8.0 6.5 8.0 3.0 10.S 
Total 2nd Flametime (S) 22.S 27.0 14.0 7.5 28.0 
Total Flametime~S) 30.5 33.5 22.0 10.5 38.5 
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CODE 3SIFL50l1S1 3SIFLSO/IS T 3SIDPSO/IS I 35/TU50l1S 13S/TU50/lS 
(AIO.S) (AI 1.0) (AI 3.0) (AIO.S) (AI 1.0) 
UL94 Rating VO FAIL FAIL VI FAIL 
70°C for 168 hours 
1.0 1.0 3.0 3.0 60.0 
0.5 O.S 2.0 S.O IS.O 
1st Flametime (S) 0.5 1.0 2.0 2.0 65.0 
0.5 1.0 2.0 3.0 IS.O 
0.5 1.0 2.0 4.0 10.0 
1.5 10.0 60.0 20.0 -
1.0 24.0 60.0 9.0 60.0 
2nd Flametime (S) 1.0 26.0 60.0 10.0 -
1.5 32.0 60.0 IS.O 60.0 
1.0 22.0 60.0 22.0 ·60.0 
Sub-total 1st Flametime (S) 3.0 4.5 11.0 17.0 165.0 
Sub-total 2nd Flametime (S) 6.0 114.0 300.0 76.0 180.0 
SO% RH for 48 hours 
1.5 1.0 2.0 
-
16.0 
2.0 10.0 2.0 0.5 40.0 
1st Flametime (S) 1.0 1.0 2.0 3.0 S.O 
1.5 2.0 2.0 3.0 30.0 
2.0 2.0 2.0 2.0 20.0 
1.5 22.0 60.0 4.0 26.0 
-
1.0 60.0 60.0 2.0 60.0 
2nd Flametime (S) 6.0 3.0 60.0 4.0 4.0 
3.0 40.0 60.0 2.0 30.0 
3.0 60.0 60.0 3.0 29.0 
Sub-total 1st Flametime (S) 8.0 16.0 10.0 8.S 111.0 
Sub-total 2nd Flametirne (S) 14.5 185.0 300.0 IS.O 149.0 
Total 1st Flametime (S) 11.0 20.5 21.0 25.5 276.0 
Total 2nd Flametime (S) 20.5 299.0 600.0 91.0 329.0 
Total Flametime (S) 31.5 319.5 621.0 116.S 605.0 
APPENDIX 
CODE 3SIH5S0/lS I 3SIHSSOllS I 3SIH550/15 I 3SIH550/15 (AI 0.5) (AI 10) (AI 1.5) (SAI25) 
UL94 Rating VO VO VI VD 
70·C for 168 hours 
2.0 2.0 10 -
10 0.5 2.0 0.5 
1st Flametime (S) 1.0 10 1.5 0.5 
1.0 2.0 2.0 0.5 
1.0 2.0 10 
-
4.0 5.0 20.0 -
2.0 2.0 18.0 0.5 
2nd Flametime (5) 3.0 2.0 20.0 10 
1.0 5.0 18.0 10 
2.0 2.0 15.0 0.5 
Sub-total 1st Flametime (S) 6.0 7.5 7.5 1.5 
Sub-total 2nd Flametime (5) 12.0 16.0 910 3.0 
" 50% RH for 48 hours 
1.0 1.0 1.0 -
1.0 1.5 3.0 1.0 
1st Flametime (S) 10 1.0 5.0 0.5 
1.0 1.0 10 1.0 
1.0 1.0 2.0 0.5 
1.0 2.0 17.0 0.5 
1.0 2.0 3.0 2.0 
2nd Flametime (5) 2.0 2.0 25.0 1.0 
4.0 3.0 2.0 1.0 
2.0 7.0 20.0 1.0 
Sub-total 1st Flametime (S) 5.0 5.5 12.0 3.0 
Sub-total 2nd Flametime (5) 10.0 16.0 67.0 5.5 
Total 1st Flametime (5) 11.0 13.0 19.5 4.5 
Total 2nd Flametime (5) 22.0 32.0 158.0 8.5 
Total Flametime (5) 33.0 45.0 177.5 13.0 
APPENDIX 
CODE 351H540/2°.1 351H540/20 1 351H540/20 140IDP40/20 1401FL40/20 
(AI 0.5) (AI 1.0) 
UL94 Rating V2 V2 VI V2 .. V2 
70'C for 168 hours 
2.0 1.0 0.5 2.0 3.0 
13.0 4.0 1.5 2.0 3.0 
1st Flametime (S) 5.0 4.0 0.5 2.0 4.0 
2.0 3.0 0.5 2.0 3.0 
3.0 3.5 1.0 2.0 2.0 
1.5 1.0 20.0 4.0 1.0 
2.0 0.5 20.0 3.0 3.0 
2nd Flametime (S) 1.0 0.5 15.0 2.0 3.0 
3.0 0.5 28.0 2.0 4.0 
5.0 1.0 23.0 10.0 2.0 
Sub-total 1st Flametime (S) 25.0 15.5 4.0 10.0 15.0 
Sub-total 2nd Flametime (S) 12.5 3.5 106.0 21.0 13.0 
50% RH for 48 hours 
2.0 1.0 1.0 2.0 3.0 
6.0 0.5 1.0 2.0 9.0 
1st Flametime (S) 4.0 1.0 1.0 6.0 2.0 
4.0 1.0 0.5 2.0 3.0 
5.0 1.5 1.0 1.0 1.0 
1.0 2.0 5.0 6.0 3.0 
0.5 1.0 28.0 2.0 3.0 
2nd Flametime (S) 1.5 1.0 14.0 4.0 4.0 
3.5 1.5 9.0 20.0 5.0 
4.0 2.0 17.0 4.0 4.0 
Sub-total 1st Flametime (S) 21.0 5.0 4.5 13.0 18.0 
Sub-total 2nd Flametime (S) 10.5 7.5 73.0 36.0 19.0 
Total 1st Flametime (S) 46.0 20.5 8.5 23.0 33.0 
Total-2nd Flametime (S) 23.0 11.0 179.0 57.0 32.0 
Total Flametime (S) 69.0 31.5 187.5 80.0 65.0 
APPENDIX 
CODE 3S!HS4SIIS I 3S!HS4S/IS I 3S!HS4S/IS 140IDP4S/15l401FL4SI1S 
. (AI 0.5) (AI 1.0) 
UL94 Rating V2 VO VO V2 V2 
70'C for 168 hours 
1.0 1.5 O.S 
-
3.0 
1.0 1.0 0.5 3.0 1.0 
1st Flametime (S) 0.5 1.0 O.S 2.0 1.0 
1.0 1.0 0.5 2.0 2.0 
0.5 1.5 0.5 2.0 3.0 
0.5 5.0 5.0 3.0 7.0 
1.0 8.0 3.0 4.0 2.0 
2nd Flametime (S) 1.0 1.0 8.0 4.0 7.0 
2.0 3.0 7.0 3.0 2.0 
1.0 4.0 6.0 2.0 3.0 
Sub-total 1st Flametime (S) 4.0 6.0 2.5 9.0 10.0 
Sub-total 2nd Flametime (S) 5.5 21.0 29.0 16.0 21.0 
50% RH for 48 hours 
2.0 0.5 1.0 2.0 1.0 
4.0 0.5 1.0 3.0 2.0 
1st Flametime (S) 1.0 0.5 1.5 2.0 2.0 
1.5 1.0 1.5 1.0 2.0 
2.0 0.5 2.0 2.0 2.0 
1.0 2.0 5.0 10.0 4.0 
1.0 1.0 2.0 5.0 3.0 
2nd Flametime (S) 0.5 2.0 2.0 3.0 3.0 
1.0 1.0 7.0 3.0 5.0 
1.5 2.0 2.0 5.0 3.0 
Sub-total 1st Flametime (S) 10.5 3.0 7.0 10.0 9.0 
Sub-total 2nd Flametime (S) 5.0 8.0 18.0 26.0 18.0 
Total 1st Flametime (S) 14.5 9.0 9.5 19.0 19.0 
Total 2nd Flametime (S) 10.5 29.0 47.0 42.0 39.0 
Total Flametime (S) 25.0 38.0 56.5 61.0 58.0 
APPENDIX 
APPENDIX N 
Photos Showing the Colour ofthe Pellets Produced During Compounding. 
A - 351H550/I5 B - 351H550/I5 (AI 1.5) C - 351H550/15 (SA 1.25) 
Figure N.I Pellets of the H5 Filled Composites Produced after Compounding. 
D - 35/DP50/I5 ____ J:- ~5£DP50/I5(A13.0) ____ ~ ___ ~_ 
~---------F{gure-N.2 Pellets or-tile-bp FillecfComposites Produced After Compounding. 

